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Pressure retarded osmosis (PRO) is a promising technology to produce clean 
and sustainable osmotic energy from salinity gradient. During my PHD work, 
robust TFC hollow fiber membranes with high power density were developed. 
It can generate a power density of 27 W/m2 at 20 bar using 1 M NaCl solution 
and DI water as feeds. We further studied the engineering and science on how 
to fabricate TFC hollow fiber pilot-scale modules including the formation of 
inner-selective polyamide layers and the repair of leakages. TFC-PES hollow 
fiber modules with 30% and 50% packing densities have been successfully 
fabricated, showing peak power densities of 20.0 W/m2 and 19.4 W/m2, 
respectively, at 20 bar using 1 M NaCl solution.  
 
However, fresh water is scarce in Singapore. I explored alternative sources of 
feed solutions and draw solutions. For the first time, seawater brine from the 
TuaSpring desalination plant and wastewater retentate from the NEWater plant 
were used in a state-of-the-art TFC-PES hollow fiber membrane PRO process. 
It is projected that 25.6-40.7 million kWh/day of energy can be recovered 
globally, if the brines from SWRO are used as the draw solution and diluted to 
the seawater level in a PRO system. It is found that the highest power density 
dropped from 27 W/m2 to 4.6 W/m2 when wastewater retentate was used as the 
feed solution. Fouling on the porous substrate induced by the wastewater 
retentate was identified as the main cause of reduction in power density. Both 
ultrafiltration (UF) and nanofiltration (NF) pretreatment were employed to 
mitigate fouling from the wastewater retentate, and the power densities were 
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boosted to 6.6 W/m2 and 8.9 W/m2, respectively, beyond the power density of 
5 W/m2 proposed by Statkraft for the PRO process to be economical.  
 
Detailed SWRO-PRO integrated processes were designed and presented. The 
governing mathematical models that describe both the mass transport on a 
module level and the energy flow on a system level were developed to evaluate 
the performances of the SWRO-PRO processes. The specific energy 
consumptions of three SWRO-involved processes; namely, (1) SWRO without 
a pressure exchanger, (2) SWRO with a pressure exchanger, and (3) SWRO 
with pressure exchangers and PRO are compared. The results show that the 
specific energy consumptions for the above three processes are 5.51, 1.79 and 
1.08 kWh/(m3 of desalinated water) for a 25% recovery SWRO plant; and 4.13, 
2.27 and 1.14 kWh/(m3 of desalinated water) for a 50% recovery SWRO plant.  
 
The operating profit of SWRO-PRO is also studied by calculating the profit 
generated for every m3 of seawater entering the process because maximizing the 
operating profit is the uttermost objective of the SWRO-PRO process. A 
strategy has been proposed to maximize the operating profit of the SWRO-PRO 
process while maintaining the highest power density of the PRO membranes. 
We concluded that integration of SWRO with PRO will not only effectively 
reduce the specific energy consumption of desalination by up to 35% but also 
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Chapter 1: Introduction and background 
 
1.1 Water and energy crisis 
Freshwater and energy are crucial for human well-being and sustainable socio-
economic development. Inadequate access to water and energy has become one 
of the most pervasive global problems due to the rapid increase in consumption 
and depletion in their reserves. Demand for freshwater and energy will continue 
to increase significantly in the near future to meet the needs of growing 
populations and economics, changing lifestyles and evolving consumption 
patterns, greatly amplifying existing pressures on limited natural resources and 
on ecosystems. It is projected that the global freshwater demand, in terms of 
water withdrawal, will increase by 55%, and more than 40% of the global 
population will live under great water stress by 2050. The global energy demand 
is expected to grow by more than 33% and the electricity demand is expected 
to grow by 70% by 2035 [1-3].  
 
Water and energy are closely interlinked and co-dependent. Water is essential 
for energy generation, primarily for cooling power plants and fuel production. 
Energy comes from different resources and can be produced in different ways, 
approximately 90% of which are water intensive. On the other hand, energy 
powers machines for water production, transportation and distribution. Growing 
population, rapid industrialization and stringent requirements for water quality 
have driven higher energy for clean water production. The current energy 
consumptions to produce potable water vary from 0.37 – 0.48 kWh/m3 to 
desalinate surface and groundwater to 2.58 – 8.50 kWh/m3 to desalinate 
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seawater [3]. Lower energies are required to produce freshwater from surface 
and groundwater. However, they only constitute 0.5% of the total water on Earth. 
Various research technologies to convert saline water, which constitutes 97.5% 
of the global water resources, into drinking water are being explored [4].  
 
The most widely used method of seawater desalination is seawater reverse 
osmosis (SWRO), where seawater is pushed through a semi-permeable 
membrane under high pressures to produce clean water. SWRO can desalinate 
seawater with significantly less energy than conventional distillations. In the 
last decade, SWRO dominated the growth of desalination capacity outside 
Middle East [5]. According to International Desalination Association, the total 
capacity of SWRO would increase from 24.73 million m3/day in 2013 to 36.33 
million m3/day in 2016 [5]. Though the current seawater reverse osmosis 
(SWRO) process is highly energy-efficient, it still consumes a large amount of 
energy to pressurize and pump water [6-8]. SWRO also receives social 
resistance because the disposal of its concentrated brine has negative impacts 
on the environments [6-8]. Development of high-efficiency pumps and high-
efficiency energy recovery devices (ERD) have significantly reduced the 
specific energy consumption (SEC) of desalination towards its thermodynamic 
minimum [6-8]. Growing demand for limited water supplies places increasing 
pressure on water intensive energy producers to seek alternative approaches, 
especially in areas where energy is competing with other major water users 
(agriculture, manufacturing, drinking water and sanitation services for cities). 
There are many opportunities for the joint development and management of 
water and energy infrastructure and technologies that maximize co-benefits and 
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minimize negative trade-offs. An array of opportunities exists to co-produce 
energy and water services and to exploit the benefits of synergies, such as 
combined power and desalination plants, combined heat and power plants, using 
alternative water sources for thermal power plant cooling, and even energy 
recovery from sewerage water. 
 
1.2 Pressure Retarded Osmosis 
Osmotic energy, as known as salinity-gradient energy, is the energy released 
when waters with different salinities are mixed, like rivers and oceans. The 
average salt concentration of seawater is 3.5% by weight, approximately 
equivalent to a 0.58 M NaCl solution, corresponding to an osmotic pressure of 
around 27 bar. The concentrations of the concentrated brine from reverse 
osmosis (RO) desalination plants usually range from 50 to 75 g/L, 
corresponding to the osmotic pressures from 40 to 65 bar [9, 10]. Approximately 
0.70-0.75 kWh of energy is released when 1 m3 of fresh water flows into the sea 
[11, 12]. More energy will be extracted if salt solutions with higher 
concentrations are used. For example, the maximum extractable energy from 
the mixing of 1 m3 of fresh water with the Great Salt Lake and the Dead Sea are 
10.4 and 14.1 kWh, respectively [13]. The worldwide potential of osmotic 
energy is reported to be 1650 TWh per year, or equivalent to approximately half 
the current hydropower generation [11]. 
 
Several processes, such as pressure retarded osmosis (PRO) [14], reverse 
electro-dialysis (RED) [15], capacitive mixing [16] and hydrogel swelling [17], 
are proposed to harvest the osmotic energy. PRO is the most widely investigated 
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process because of its greater efficiency, higher power density and potential 
integration with other processes. PRO extracts the Gibbs free energy of mixing 
by allowing water to spontaneously flow through a semi-permeable membrane 
from a low-salinity feed solution to a high-salinity draw solution against a 
hydraulic pressure [18-20]. The Gibbs free energy is converted to the hydraulic 
pressure of the diluted brine that can be further converted to mechanical energy 
by a pressure exchanger (PX) [21, 22] or electrical energy by a hydro-turbine 
[11, 23-25].  
 
Figure 1.1 An illustration of the electrical power production by the PRO process. 
The system is coupled with pressure exchangers to recover the energy. 
 
To achieve continuous and steady power generation by the PRO process, 
practical PRO systems can be designed as shown in Figure 1.1 [9, 23, 24]. 
Firstly, the concentrated draw solution, characterized by the volumetric flow 
rate VD and osmotic pressure πD, is pumped into the flow channel. The hydraulic 
pressure is boosted to PD before the draw solution enters the membrane module. 
In the meantime, the low concentration feed solution with a volumetric flow 
rate of VF and an osmotic pressure of πF, enters the other side of the membrane 
module. A low hydraulic pressure of PF (usually can be considered as 0) is 
applied to drive the flow. Water permeates through the membrane from the feed 
to the draw solution at a volumetric flux of ΔV, and is immediately pressurized. 
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The draw flow is diluted to be brackish water, with a hydraulic pressure of PD 
and a volumetric flow rate of VD + ΔV. Part of the flow (ΔV) goes into the 
hydroturbine to generate electricity, and the other part (VD) may go to a pressure 
exchanger to transfer the energy to the incoming fresh draw solution.   
 
It was reported that osmotic energy could indeed be harvested under the PRO 
principles. However, due to the expensive and low-efficiency membranes at that 
time, research was slowed down in the 80s and 90s [26]. From the 1990s, 
membranes for desalination and wastewater treatment have advanced rapidly 
and have been widely commercialized. In 2009, Statkraft in Norway built the 
first PRO prototype plant using the commercial reverse osmosis (RO) 
membranes [11, 27]. The plant was shut down in 2013 partly due to the lack of 
effective commercial PRO membranes and extensive pretreatment needed to 
minimize membrane fouling [28].  
 
Recently, the SWRO-PRO integrated process has received increasing attention 
[21, 22, 25, 29-32]. In the Japan Megaton Water Project, a PRO system where 
a maximum power density of 13.3 W/m2 at a hydraulic pressure difference of 
approximately 27 bar was developed using the SWRO brine as the draw solution 
and freshwater as the feed [25, 33]. In this prototyped plant, hydro-turbines were 
used to harvest the osmotic energy. In 2014, Sarp et al. [21] and Prante et al. 
[22] independently proposed two modeled SWRO-PRO processes, where the 
high-pressure diluted seawater brine from PRO was used to pressurize the 
seawater feed to SWRO through a PX. Comparing with the conventional 
seawater-freshwater PRO process, the SWRO-PRO integrated process offers a 
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number of advantages [34]: (1) a higher power density is possible due to the 
increased difference in osmotic pressure; (2) the seawater brine has been 
pretreated in the SWRO system and will cause less fouling in the PRO system; 
(3) even though the pretreatment of the feed solution to the PRO system is still 
required, the overall pretreatment units can be significantly downsized if the 
brine is diluted to the seawater level in PRO and recycled to SWRO. 
Nonetheless, to take full advantages of the synergic SWRO-PRO process, 
strategic co-location of the SWRO plant and low salinity water sources is 
required during urban planning [35].  
 
1.3 Research Objectives 
Freshwater is scarce in Singapore, due to the absence of natural aquifer [13]. In 
this PhD work, alternative feed pairs to the PRO system are explored. The 
wastewater retentate (referred to as WWRe thereafter) from the wastewater 
plant has a salinity close to that of river water, and can be potentially used as 
the feed solution for a PRO process [16, 17]. Since the seawater brine (referred 
to as SWBr thereafter) has a higher salinity than that of seawater, theoretically 
more osmotic energy can be harvested by mixing the SWBr and the WWRe [2, 
16-22]. Both the SWBr and WWRe streams are often regards as waste streams. 
The feasibility to use the waste streams for PRO power generation is 
investigated and potential challenges are addressed. 
 
(1) The first challenge to use WWRe as the feed solution is the severe 
fouling from WWRe, which causes significant reduction in the PRO 
water flux and power density. Various pretreatment methods are 
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employed to mitigate fouling and recover the PRO membrane 
performance. 
 
(2) Since the SWBr has a higher salinity and osmotic pressure, novel PRO 
membrane with stronger mechanical properties and PRO performance 
are need. By tuning the water content in the polymer dope and 
optimizing the interfacial polymerization, robust Thin film composite 
(TFC) – polyethersulfone (PES) PRO membrane with high pure water 
permeability, low salt permeability, small structural parameter and 
therefore high power density is develop. 
 
(3) The newly developed TFC-PES hollow fiber membrane is further scaled 
up to 1-inch and 2-inch semi-pilot scale module to evaluate its 
performance on a larger scale. The protocol to develop a structured 
hollow fiber bundle with high packing density and to synthesize a more 
defect-free TFC layer on the hollow fiber substrate module is established. 
The semi-pilot scale module is aimed to achieve >90% of the lab scale 
hollow fiber module. 
 
(4) Use SWBr as the draw solution promotes the integration of PRO with 
SWRO and use the osmotic energy to compensate and reduce the energy 
consumption of seawater desalination. Various designs of the PRO-
SWRO integrated processes are designed and investigated. The design 




(5) Model that describes the internal concentration polarization, external 
concentration polarization, and reverse salt flux is developed to 
accurately describe the water and salt transfer in the PRO membrane.  
 
(6) Model that describes the material balance and energy balance of the 
integrated PRO and SWRO process is developed to investigate potential 
material and energy integration between PRO and SWRO. 
 
(7) Ultimately, the potential energy saving and OpEx saving by integrating 
PRO with SWRO is calculated. What’s more, the integrated process is 
optimized for minimal specific energy consumption and OpEx.  
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Chapter 2: Mass transport, thermodynamics and 
membranes 
 
2.1. Mass transfer across the PRO membranes 
For an ideal semi-permeable membrane, the water permeation flux, Jw, is 
proportional to the driving force across the membrane and the pure water 
permeability (A) of the membrane [1, 2]. 
     ( )wJ A Pπ= ∆ −∆                                              (2.1) 
However, the realistic membranes are usually asymmetric and imperfect. As 
shown in Figure 2.1, typical PRO membranes consist of a thin skin layer to 
reject salts and a thick porous layer to provide the mechanical support. Solutions 
within the support layer are sheltered from the shear and turbulence in the bulk 
crossflow solution. As a result, solute diffusion is hindered in this layer and 
hence its concentration is different from the bulk solution. This is referred to as 
internal concentration polarization (ICP). Depending on the orientation of the 
membrane, the operating mode can be either AL-DS where the draw solution 
faces the active layer, or AL-FS where the draw solution faces the support. In 
the AL-DS mode, the feed solutes are carried into the supporting layer by the 
water permeation flow and are left beneath the dense layer when water 
permeates through. As a result, the solute concentration beneath the dense layer 
is higher than that in the bulk feed. Similarly, in the AL-FS mode, the solute 
concentration near the inner side of the dense layer is lower than the bulk. In 
both cases, the effective osmotic driving force is greatly reduced. It is noted that 
since in the AL-FS mode the dilutive ICP is more severe for the high 
concentration draw solution compared to the AL-DS mode, AL-DS is most 
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widely applied for PRO processes. Thus, all discussions in the later context of 
this chapter is referred to the AL-DS or PRO mode [3]. 
 
Figure 2.1 Concentration profiles in (a) AL-DS and (b) AL-FS orientated 
membranes. 
 
Meanwhile, due to the imperfection of the skin layer, solutes leak from the draw 
solution to the feed. This is usually referred to as solute reverse flux. It causes 
the loss of solutes and osmolality in the draw solution. Moreover, the leaked 
salts are concentrated on the inner surface of the dense layer due to ICP, leading 
to a further decrease in the effective driving force. Another deviation from the 
ideal scenario is the external concentration polarization (ECP). In PRO, 
significant ECP may occur on the surface of the skin layer when convective 
water permeation flow drags solutes away from the surface, leaving the local 
salt concentration lower than the bulk.  
 
Due to the combined effects of ICP, salt reverse flux and ECP, the effective 
osmotic pressure differential is much lower than in the ideal case. Therefore, 
eqn. 2.1 should be re-written as the following [3]: 
  ( )w effJ A Pπ= ∆ −∆                                            (2.2) 
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where Δπeff is the effective osmotic pressure difference across the active layer 
of the membrane.  
 
Lee et al. were the first to develop a model to project the performance of the 
PRO membrane by taking into consideration of the ICP and salt reverse flux 
effects [3]. 
, , exp( )
1 [exp( ) 1]
w













                                (2.3) 
where πD,b is the bulk osmotic pressure of the draw solution, πF,b is the bulk 
osmotic pressure of the feed solution, D is the solute diffusivity, B is the salt 




=                                                   (2.4) 
where τ, ε and λ are the tortuosity, porosity and thickness of the membrane 
support, respectively.  
 
It can be seen from eqn. 2.3 that the effective osmotic pressure difference is 
reduced by both the ICP in the support layer as represented by the term exp (𝐽𝐽𝑤𝑤𝑆𝑆
𝐷𝐷
), 
and the salt reverse leakage from the draw solution to the feed side, which is 












= + ∆                                   (2.5) 
  
The Lee’s model is extended to eqn. 2.6 by incorporating ECP within the draw 
solution side. The loss of draw solutes caused by salt reverse leakage and its 
effects on ECP in the draw side are taken into account [4]: 
, ,exp( ) exp( )
1 [exp( ) exp( )]
w w













                        (2.6) 
where k is the mass transfer coefficient of the draw solution as defined below: 
     𝑘𝑘 = 𝑆𝑆ℎ𝐷𝐷
𝑑𝑑ℎ
                                              (2.7) 
where dh is the hydraulic diameter of the flow channel, Sh is the Sherwood 
number. 
 
A simplified equation, which ignores the effect of draw solute loss on ECP is 
also used [5]. 
, ,exp( ) exp( )
1 [exp( ) 1]
w w













                   (2.8) 
The power density W is a measure of the energy generated per unit time and 
unit membrane area. It is an important performance index of the PRO 
membranes and systems. Power density can be calculated as the product of 
water flux and the hydraulic pressure difference.  
𝑊𝑊 = 𝐽𝐽𝑤𝑤∆𝑃𝑃                                      (2.9) 
 In the ideal case, 
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𝑊𝑊 = 𝐴𝐴(∆𝜋𝜋 − ∆𝑃𝑃)∆𝑃𝑃                               (2.10) 
It achieves a maximum of AΔπ2/4 when ΔP=Δπ/2. However, complicated by the 
effects of ICP, ECP and reverse salt flux in reality, the maximal power density 
may occur at ΔP>Δπ/2 or ΔP<Δπ/2 [6]. 
 
Figure 2.2 An illustration of the water flux and power density curves against 
hydraulic pressure in the PRO process. The effects of ECP, ICP and salt 
reverse diffusion on membrane performance are also demonstrated [5].  
 
Figure 2.2 shows a theoretical illustration of the typical water flux and power 
density curves against hydraulic pressure in the PRO process [5]. The osmotic 
pressure difference between the feed and draw solutions is around 25 bar. It is 
seen that in the ideal case, the water flux decreases linearly against ΔP as a result 
of the decrement in driving force. The flux is reduced to zero when the applied 
pressure equals the osmotic pressure differential. Meanwhile, the power density 
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shows a firstly increasing and then decreasing trend. The ideal peak power 
density is achieved at one half of the osmotic pressure difference, or 12 – 13 bar, 
as predicted. However, the actual water flux and power density are much lower 
due to the combined effects of salt reverse flux, ECP and ICP. Three scenarios 
where salt reverse flux, ECP and ICP are assumed negligible are simulated 
respectively. An increment in water flux is immediately seen and the most 
substantial change is observed when ICP is neglected. It indicates that ICP is 
the most serious flux-reduction factor for PRO membrane processes.              
 
2.2. Thermodynamic limits of the PRO process 
While mass transfer defines how fast water moves across the membrane or how 
high the power density is, the thermodynamics determines the total amount of 
water that can be transported or the total amount of energy that can be generated. 
 
PRO harvests the Gibbs free energy when mixing two solutions with different 
salinities. The Gibbs free energy released during mixing of two solutions can be 
calculated as follows [7, 8]. 
{[ ln( )] [ ln( )] [ ln( )] }i i i M A i i i A B i i i BG RT C C C C C Cγ φ γ φ γ−∆ = − −∑ ∑ ∑     (2.11) 
where Ci is the mole concentration and γi is the activity coefficient of species i 
in the solution, Φ is the total moles (or volume) of the solution to the total moles 
(or volume) of the system. For an ideal mixing of strong electrolyte solutions of 
low salt concentrations, the above equation can be simplified as follows: 
0 0 0 0 0 0[ ln( ) ln( ) ln( ) ln( )]f f f f f fD D D D D D F F F F F FG iRT C V C C V C C V C C V C−∆ = − + −    (2.12) 
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where ΔG is the Gibbs free energy of mixing, 0FC  and 
f
FC  are the 
concentrations of the feed solution before and after mixing, respectively; 0DC  
and fDC  are the concentrations of the draw solution before and after mixing, 
respectively; 0FV  and 
f
FV are the flowrates of the feed solution before and after 
mixing, respectively; 0DV  and 
f
DV are the flowrates of the draw solution before 
and after mixing, respectively.  
 
In a reversible PRO mixing process, the theoretical maximum amount of energy 
that can be harvested is equal to the Gibbs free energy of mixing. However, in 
the actual application of PRO, a constant hydraulic pressure, ΔP, is applied to 
the draw solution side. The osmotic pressure difference between the feed 
solution and the draw solution diminishes as the draw solution gets diluted and 
the feed solution gets concentrated. A thermodynamic equilibrium is reached 
and no more mixing happens when Δπ is reduced to ΔP. The degree of mixing 
is limited by the hydraulic pressure applied. Moreover, energy is lost to 
overcome the hydraulic resistance of the membrane. Therefore, the total amount 
of work that can be harvested from a constant-pressure PRO process, WΔP, is 
less than that from a reversible mixing process [7, 8]. Yip et al. developed the 
following model to calculate the amount of extractable work in a constant-
pressure PRO process [8].  
0 0 0 0
0 0[ ]
D D F F
P
D F
C V C VW iRT V
V V V V∆
= − ∆
+ ∆ −∆
                                  (2.13) 
where ΔV is the total permeate volume. Based on this model, the maximum 













                               (2.14) 
Figure 2.3 presents the amount of energy that can be harvested, unutilized or 
lost due to friction [8]. The upper area represents the frictional losses of energy 
to over the hydraulic resistance of the membrane. The area enclosed by ΔV and 
ΔP is the amount of energy that can be harvested in a constant-pressure PRO 
process. With the progress of mixing, the draw solution is continuously diluted. 
Mixing stops when the osmotic pressure difference drops down to the value of 
ΔP. This leaves a great portion of osmotic energy that cannot be utilized.   
 
 
Figure 2.3 Maximum extractable work, unutilized energy and frictional losses. 
Redrawn from [8]. 
 
Theoretical calculation of a river water-seawater constant-pressure PRO system, 
represented by 1.5 and 600 mM NaCl solutions respectively, reveals that ideally 
the maximum extractable work is 0.75 kWh m-3 (per initial feed volume) when 
1 m3 of fresh water is mixed with an infinite amount of seawater. The extractable 
work decreases linearly when the volumetric ratio of feed and draw solutions is 
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reduced. In reality, as PRO progresses, the osmotic pressure difference 
decreases due to the dilution of draw solution and the concentration of feed 
solution. The effective driving force diminishes and the water flux stops before 
the mixing energy is fully utilized. As a result, the maximum extractable energy 
is reduced [8].  
 
The mixing energy defined in eqn. 2.10 is based on the initial volume of the 
fresh water. Since both the fresh water and seawater requires pretreatment and 
pumping, specific energy is defined to characterize the energy production over 






=                                                   (2.15) 
The maximum specific energy is 0.192 kWh m-3 for river water and seawater 
only if the flow rates of both solutions are designed properly [9, 10].   
 
Osmotic energy is converted to useful works when the pressurized draw 
solution with increased flowrate is discharged through an energy recovery 
device (ERD) [11, 12] or a hydro-turbine [1, 2]. The hydro-turbine converts 
the osmotic energy to electricity with an efficiency of 80%-85% [1, 2]. 
Pressure exchanger is a highly efficient ERD that can convert 90%-96% of 
the pressure of the high-pressure stream to the low-pressure stream, and 
therefore has received increasing interests in PRO application [13,14].  
 
2.3. Design of PRO membranes 
As the heart of PRO processes, PRO membranes have received great attentions 
and significant progresses have been made since Loeb and Mehta tested 
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commercial RO membranes for PRO applications in the 70s [15]. There are 
mainly three key parameters determining the applications and performance of a 
hollow fiber membrane; namely, (1) the chemistry, mechanical and 
physicochemical properties of the membrane material, (2) the thickness of the 
functional separation or selective layer and its substructure morphology, and (3) 
the effective mean pore size and pore size distribution as well as the surface 
charge characteristics [16]. In addition to govern the intrinsic permeability and 
selectivity of the fiber, the physicochemical properties of the material play 
important roles in determining the spinnability and mechanical strengths, the 
inherent hydrophilicity/hydrophobicity, fouling tendency for aqueous 
separations, bio-compatibility for medical uses, and chemical resistance and 
stability for applications in harsh environments.  
 
Once a potential material with proper physicochemical properties is chosen for 
membrane development, membrane scientists should molecularly design the 
hollow fiber membrane with a desirable pore size, narrow pore size distribution, 
ultrathin selective layer and open-cell substructure morphology. Figure 2.4 
shows a typical dry-jet wet hollow fiber spinning line for the preparation of 
polymeric hollow fibers via non-solvent induced phase inversion. The hollow 
fiber spinning process usually consists of the following steps: (1) metering the 
spinning dope and bore fluid simultaneously by precision pumps separately, (2) 
conveying the spinning solutions through a spinneret under shear and possibly 
converging flows, (3) internal coagulation taking place when the bore fluid 
meets the polymer dope exiting from the spinneret, (4) solvent evaporation from 
the outer nascent membrane surface during the air-gap region, (5) moisture 
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induced early phase separation in the outer nascent membrane surface during 
the air-gap region, (6) stretch by gravity and elongation forces induced by the 
take-up unit, (7) fully phase inversion or solidification induced by the external 
non-solvent coagulation bath system, and (8) solvent exchange or additional 
post-treatments to remove residual solvents or prevent pores from collapsing. 
 
Figure 2.4: Drawing of a dry-jet wet spinning line for the preparation of 
polymeric hollow fibers via non-solvent induced phase inversion 
 
Depending on the fabrication methods, two types of polymeric membranes have 
been successfully developed for PRO applications; namely, (1) integrally-
skinned hollow fibers made from direct phase inversion and (2) thin-film 
composite (TFC) hollow fibers made from interfacial polymerization. Direct 
phase inversion involves the aforementioned non-solvent induced phase 
separation and subsequently forms the integrally-skinned membranes in one 
step. TFC membranes are generally prepared in two steps. Firstly, a porous 
hollow fiber substrate is prepared by means of a non-solvent induced phase 
inversion process and then a thin selective layer is deposited on top by 
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interfacial polymerization. As a result, a cross-linked aromatic polyamide 
selective skin is synthesized on the substrate surface [17-22].   
 
2.3.1. Integrally-skinned PRO hollow fiber membranes 
Integrally-skinned asymmetric hollow fiber membranes can be prepared by a 
direct dry-jet wet spinning process in one step. This type of membranes features 
simplified and convenient fabrication processes. The membrane company 
Toyobo in Japan developed a series of PRO hollow fiber membranes from 
cellulose triacetate (CTA) through the direct phase inversion method [23-35]. 
However, the details have not been disclosed. According to the reported 
literatures, the developed CTA fibers have an outer selective layer with an inner 
diameter and outer dimeter of approximately 0.1 mm and 0.2 mm, respectively. 
Several hundred thousands of the hollow fibers are wound in a crisscross pattern 
onto a perforated central tube to form a hollow fiber module [23-35]. The main 
problem of these integrally-skinned hollow fiber membranes is their relatively 
low permeability, salt rejection, and PRO performance. 
 
2.3.2. Thin-film composite (TFC) PRO hollow fiber membranes 
In the last decades, thin-film composite (TFC) membranes gained increasing 
considerations due to their higher water fluxes and higher power densities. Most 
TFC membranes are formed in-situ onto the surface of micoporous substrates 
via interfacial polymerization of aromatic diamine such as piperazine (PIP) and 
m-phenylenediamine (MPD) with acid chloride monomers such as such as 




In order to develop effective PRO membranes, two strategies have been focused: 
(1) the improvements of water permeability and selectivity of TFC membranes 
during the formation of polyamide layers and novel post-treatment processes, 
and/or (2) the development of novel substrates that possess a small structural 
parameter and sufficient mechanical robustness. The morphology and 
mechanical properties of the microporous substrate are particularly important 
because they directly determine the quality of the polyamide layer, structural 
parameter, and mechanical stability of the TFC membrane under PRO 
operations. 
 
Figure 2.5 morphology of the state-of-the-art TFC hollow fiber membranes 
 
Currently, most TFC membranes for PRO applications are inner-selective with 
a polyamide selective skin interfacially polymerized onto the inner surface of 
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fiber substrates. Figure 2.5 displays the morphology of the state-of-the-art TFC 
PRO hollow fiber membranes with an inner-selective skin. They have a similar 
polyamide selective layer, but their support fibers are made from different 
polymers [26-29]. The microscopic structures and morphology of the 
supporting fibers are also different.  Currently, membranes with an A of up to 6 
L m-2 h-1 bar-1, a B of less than 1 L m-2 h-1, a S of less than 500 µm and robust 
mechanical strength are readily available in the lab scale.  
 
 
Figure 2.6 Structures of polymers used to fabricate hollow fiber substrates 
 
The mechanical stability of the substrates determines the overall strength of the 
TFC hollow fiber membrane. Figure 2.6 shows the chemical structures of the 
polymers that have been employed to fabricate hollow fiber substrates for PRO 
applications. They are all intrinsically robust materials consisting of 
mechanically strong benzene rings. In addition to the membrane materials, the 
microstructure across the hollow fiber substrate should be carefully designed 
with a balanced asymmetry. The pore size on the inner surface should be small 
with a narrow pore size distribution to ensure the mechanical stability of the 
selective layer under high pressures. If the substrate has widely distributed pores, 
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it may result in a defective TFC layer with a high salt reverse flux and severe 
ICP under high PRO pressures [29]. In order to reduce ICP, the hollow fiber 
substrate should have a highly porous support layer, but be sufficiently 
interconnected to re-distribute the stresses and stabilize the membrane. The 
fiber dimension and wall thickness also significantly influence the strength and 
performance of the TFC-PRO membranes. The development of high 
performance inner selective TFC PRO hollow fiber membranes is at the 
interface of membrane materials science and engineering, osmotic energy and 
power generation. Breakthroughs in membrane materials, and hollow fiber 
fabrication guided by fundamental materials science, chemical engineering are 
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Chapter 3: Experimental and methodology 
 
3.1. Materials 
Radel® A polyethersulfone (PES, Solvay Advanced Polymer, L.L.C., GA), N-
methyl-2-pyrrolidone (NMP, > 99.5%, Merck), polyethylene glycol 400 (PEG, 
Mw = 400 g/mol, Sigma-Aldrich) and deionized (DI) water were used as the 
polymer, solvent, and non-solvent additive, respectively, for the fabrication of 
hollow fiber substrates. A 50/50 wt% mixture of glycerol (Industrial grade, Aik 
Moh Pains & Chemicals Pte. Ltd., Singapore) and DI water was used for the 
post-treatment of as-spun hollow fiber membranes. Trimesoyl chloride 
(TMC, >98%, Tokyo Chemical Industry, Co. Ltd., Japan), m-phenylenediamine 
(MPD, > 99%, Sigma-Aldrich), sodium dodecyl sulphate (SDS, >97%, Fluka) 
and hexane (>99.9%, Fisher Chemicals) were used for interfacial 
polymerization. Sodium chloride (NaCl, 99.5%, Merck) was used for the 
membrane transport characterizations and PRO performance tests. Epoxy 
(KSbond, Kuo Seng Enterprise, Taiwan) was purchased to cast the tubesheets 
of the hollow fiber modules. 
 
3.2. Fabrication of the TFC-PES hollow fiber membranes 
A dry-jet wet spinning process with the aid of co-extrusion through a dual layer 
spinneret, as presented in Figure 3.1, was employed to spin the PES hollow fiber 
substrates [1-3]. The spinning solutions and conditions have been described 
previously with minor modifications to ensure dope stability and improve 
membrane performance [4-6]. The detailed spinning parameters are shown in 
Table 3.1. The as-spun hollow fiber substrates were rinsed with tap water for 2 
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days to remove the residual solvent. The hollow fiber membranes were then 
posted by soaking in a 50/50 wt% glycerol/water solution for 2 days before 
drying in the air at room temperature. Finally, a lab-scale module with three 
pieces of hollow fiber substrates was made.  
 
Figure 3.1 Schematic representation of the dual-layer spinneret and its dimensions 
employed in this study. 
 
 
Table 3.1 Dope composition and spinning conditions of PES hollow fiber supports 
 
The TFC-PES hollow fiber membranes were prepared via interfacial 
polymerization [1-4]. Firstly, a 2 wt% MPD aqueous solution containing 0.1 wt% 
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SDS was fed into the lumen side of hollow fibers for 3 min at a flow rate of 4.25 
ml/min. After that the excessive MPD residual solution was removed by purging 
air for 5 min using a compressed air gun. Then a hexane solution with 0.15 wt% 
TMC was brought into contact with the MPD absorbed on the inner surface of 
the membrane at a flow rate of 2.50 ml/min for 5 min to form a thin polyamide 
layer. The resultant TFC-PES membranes were purged with air for 1 min to 
remove the residual hexane solution. 
 
3.3. Measurements of pure water permeability (PWP or A) and salt 
permeability (B) of the TFC-PES membranes 
 
Figure 3.2 Schematic drawing of the PRO setup to test hollow fiber modules 
 
The pure water permeability (A) and the salt permeability (B) of the TFC-PES 
hollow fiber modules were measured under the RO mode using the PRO setup 




The lumen side of the modules were pressurized with DI water and permeate 
was collected from the shell side. Before the tests, the TFC-PES membranes 
were pressurized from inside out at 20 bar using DI water for 30 min. After that, 
DI water was pumped into the lumen side of the hollow fiber membranes at 5 
bar, 10 bar, 15 bar and 20 bar, respectively. The permeate from the shell side 







                                               (3.1) 
where V∆  is the volumetric change of permeate collected over a period of t∆
(h) during the test,  Am (m2) is the effective permeation area, and ΔPh (bar) is the 
transmembrane pressure difference.  
 
The membrane rejections (R) to NaCl at 5 bar, 10 bar, 15 bar and 20 bar were 
obtained by using a 1000 ppm NaCl solution as the feed at the flow rate of 0.2 
ml/min. The conductivities of the permeate and feed were measured to calculate 






R                                        (3.2) 
where Cf and Cp refer to the concentrations of the feed and permeate, 
respectively. Salt permeability B (LMH) was then calculated using the 





π−= ∆ −∆                                  (3.3)          
 
3.4. Osmotic power generation via the PRO process 
PRO tests were conducted under the PRO mode using the PRO setup in Figure 
3.2 [6, 7] with the SWBr facing the inner selective skin and the WWRe facing 
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the outer substrates of the TFC-PES hollow fiber membranes. After being 
conditioned at 20 bar with DI water for 30 min, the SWBr was pumped into the 
lumen side of the membrane at a flow rate of 0.2 L/min, and the WWRe was 
pumped into the shell side at a flow rate of 0.2 L/min. While the WWRe was 
maintained at the atmospheric pressure, the pressure of the SWBr was increased 
from the atmospheric pressure to 20 bar at an increment of 5 bar. The mass of 
the feed solution (i.e., WWRe) was recorded every second for 30 min using a 
digital data logging system. The details of operating conditions and module 
designs are summarized in Table 3.2. 
 
Module Parameters Operating Conditions 
Number of fibers 3 Temperature (˚C) 25 
Fiber id (micron) 575 SWBr flowrate (L/min) 0.2 
Fiber od (micron) 1025 SWBr pressure (bar) 0-20 
Fiber length (cm) 15 WWRe flowrate (L/min) 0.2 
Packing density 2.50% WWRe pressure (bar) 0 
Table 3.2 Summary of module parameters and operating conditions 
 
The water permeation flux Jw (LMH) was calculated from the volumetric 
change of the feed solution. 








                                                     (3.4) 
where fV∆  is the volumetric change of the feed solution over a period of t∆ (h) 




The salt concentration in the feed solution was determined from a conductivity-
concentration calibration curve. The reverse salt flux from the draw solution to 
the feed solution, Js (gMH), was calculated from the following equation: 










                                         (3.5) 
where Cf and Vf are the salt concentration and volume of the feed solution, 
respectively. The theoretical osmotic power density, W, was calculated from   
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Chapter 4: Osmotic power generation by pressure 
retarded osmosis using seawater brine as the draw 
solution and wastewater retentate as the feed 
 
4.1. Introduction 
Osmotic energy from salinity gradient is a promising sustainable energy [1-5]. 
Pressure retarded osmosis (PRO) is one of the technologies to extract osmotic 
energy by allowing water to flow through a semi-permeable membrane from a 
low-salinity feed solution to a high-salinity draw solution against an applied 
hydraulic pressure [5-7]. The majority of PRO researches are focused on mixing 
of seawater and river water [7-12], from which up to 2.6 TW osmotic energy is 
projected to be produced globally [1]. However, the seawater-river water PRO 
system has a low energy density due to its low osmotic pressure difference [2-
10]. It would become less economically feasible when substantial pretreatments 
are required to mitigate biofouling in both feed streams [2-5]. 
 
Freshwater is scarce in of Singapore, due to the absence of natural aquifer [13]. 
Four National Taps – local catchment water, imported water, reclaimed water 
from local waste (branded as NEWater) and desalinated water – are essential to 
secure water from alternative sources in Singapore [13, 14]. The five NEWater 
plants have a combined productivity of 273,000 m3/d [14]. The NEWater plants 
receive treated wastewater effluent and further treat it with a three-stage process: 
microfiltration (MF), reverse osmosis (RO) and ultraviolet (UV) disinfection 
[15]. The wastewater retentate (referred to as WWRe thereafter) from the RO 
process has a salinity close to that of river water, and can be potentially used as 
the feed solution for a PRO process [16, 17]. The TuaSpring desalination plant 
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is the largest membrane-based seawater desalination facility in Singapore, with 
a capacity of 318,500 m3/day [14]. It utilizes an ultrafiltration (UF) process for 
pretreatment and a two-stage RO process for desalination [18]. Since the 
seawater brine (referred to as SWBr thereafter) has a higher salinity than that of 
seawater, theoretically more osmotic energy can be harvested by mixing the 
SWBr and the WWRe [2, 16-22]. 
 
Figure 4.1 Illustration of osmotic power generation through pressure 
retarded osmosis (PRO) utilizing SWBr as draw solution and WWRe as feed 
solution 
 
In this study, the SWBr from the first-stage RO in the TuaSpring desalination 
plant (the second-stage RO brine was not available for collection at the moment 
of this study) and the WWRe from the NEWater plant were used as the draw 
and feed solutions, respectively, in a state-of-the-art hollow fiber membrane 
PRO process in Figure 4.1. The SWRr-WWRe PRO process has the following 
advantages: 1) partially recover the energy consumed in the seawater reverse 
osmosis (SWRO) process [16, 17, 19], and 2) dilute the SWBr to mitigate the 
environmental impact of discharging the concentrate brine [23]. The feasibility 
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of such PRO process is investigated in a lab-scale setup, and potential 
challenges are discussed. 
 
4.2. Experiment 
4.2.1. Pretreatment of the WWRe 
NADIR® UH050 flat-sheet UF and CSM® NE2540-70 flat-sheet NF 
membranes, whose characteristics are presented in Table 4.1, were installed on 
a dead-end permeation cell. The WWRe was then filled into the permeation cell 
and pressured to 1 bar and 2.5 bar in the UF and NF processes, respectively. 
The filtrates were collected and ready for further tests. 
Membrane Characteristics Membrane Code 
UH050 NE2540-70 
 Material Polyethersulfone Polyamide 
 PWP (LMH/bar) 83.3 4.32 
 MWCO (Da) 50,000 200 
 NaCl Rejection (%)  N.A. 40-70 
 MgSO4 Rejection (%) N.A.  99.5 
Table 4.1 Characteristics of the UH050 UF and NE2540-70 NF membranes 
 
4.2.2. Characterization of the SWBr, original WWRe, WWRe UF and NF 
filtrates                                
The osmolality, pH, and total organic carbon (TOC) of both the SWBr and the 
WWRe were measured by an osmometer (model 3250, Advanced Instruments, 
Inc.), a pH meter (Accumet AP84, Fisher Scientific, Co.) and a TOC analyzer 
(TOC ASI5000A, Shimadzu, Corp.), respectively.  
 
A 100 ml hexane solution was used to extract the substances from 300 ml 
WWRe, and was subsequently concentrated to 10 ml. The concentrate was then 




Moreover, the original WWRe and the filtrates from the UF and NF processes 
were sent for inductively coupled plasma (ICP) analysis (Dual-view Optima 
5300 DV ICP-OES system, PerkinElmer Optoelectronics, Pte Ltd.) and ion 
chromatography (IC) analysis (940 Professional IC Vario, Metrohm, Pte Ltd.) 
to determine the concentrations of metal cations and anions in the solutions, 
respectively.  
 
4.3. Simulation  
4.3.1. Fluid dynamics and material transport along the axial direction of 
the membrane in the PRO process  
Under the current operating conditions, there was a significant hydraulic 
resistance for the draw solution to flow inside the hollow fiber membranes. It 
has been experimentally verified that the Hagen-Poiseuille equation provides a 
good approximation of pressure loss over a wide range of flow conditions inside 
the hollow fiber membranes [24]: 







∆ =                                                               (4.1) 
where ν and QD are the kinematic viscosity and volumetric flow rate of the draw 
solution, respectively; L and d are the effective length and inner diameter of the 
hollow fiber membranes, respectively. On the other hand, the pressure loss on 















                                        (4.2) 
where ρ, Vs and μ are the density, superficial velocity and dynamic viscosity of 
the feed solution, respectively; dp is the hydraulic diameter of the hollow fibers 
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and ɸ is the packing density of the module. Due to the low packing density 
(ɸ→0) inside the module, the pressure drop of the feed solution along the shell 
side can be neglected. 
 
As shown in Figure 4.2, a counter-current flow configuration was employed in 
the tests. The flow direction of the feed solution was arbitrarily chosen as the 
positive direction.  
 
Figure 4.2 Schematic drawing of the PRO process in a single hollow fiber. 
The feed solution at atmospheric pressure, flowing in the positive direction, 
enters the shell side at x=0 with a flow rate of QF and a salt concentration of 
CF. The draw solution at a hydraulic pressure of ΔPh, flowing in the negative 
direction, enters the hollow fiber at x=L with a flow rate of QD and a salt 
concentration of CD. Water flux, Jw, is driven from the feed to the draw 
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The sign of Eq. 4.3 & 4.5 is negative and the signs of Eq. 4.4 & 4.6 are positive 
because the draw solution flow in the opposite direction of the feed solution. 
The computational flow diagram is demonstrated in Figure 4.3. Eq. 4.3-4.7 are 
integrated from the entry of the feed solution (x=0) to the exit of the feed 
solution (x=L), as shown in Figure 4.2, using the finite element method, with 
the boundary conditions QF(0) = QF, CF(0) = CF, QD(L) = QD, CD(L) = CD and 
ΔPh(L) = ΔPh . Initial guesses are given to QD(0), CD(0) and ΔPh(0), and 
iterations of trial and error are carried out until the relative errors of QD(L), CD(L) 
and ΔPh(L) are less than 10-6. The operating conditions of the PRO system are 
summarized in Table 4.2.  
Module Parameters Operating Conditions 
Number of fibers 3 Temperature (˚C) 25 
Fiber id (micron) 575 SWBr flowrate (L/min) 0.2 
Fiber od (micron) 1025 SWBr pressure (bar) 0-20 
Fiber length (cm) 15 WWRe flowrate (L/min) 0.2 
Packing density 2.50% WWRe pressure (bar) 0 










4.4. Results and Discussion 
4.4.1. Characterization of SWBr, WWRe and WWRe filtrates 
As tabulated in Table 4.3, the osmolality values of the WWRe and the SWBr 
were 22±1 mmol and 1468±20 mmol, respectively. The equivalent NaCl 
concentrations were 0.011 M and 0.81 M, respectively, based on a standard 
concentration-osmolality calibration curve. Hence, 0.011 M and 0.81 M NaCl 
solutions were used as the artificial WWRe and the artificial SWBr in the 
following studies, respectively.  
Solution ID Osmolality (mmol) pH TOC (ppm) 
SWBr 1468±20 7.30±0.02 66.1±3.8 
WWBr 22±1 7.44±0.02 44.05±4.2 
Table 4.3 Summary of osmolality, pH and TOC of seawater brine (SWBr) and 
wastewater brine (WWBr) 
 
The TOC values in WWRe and SWBr were 44.05±4.1 ppm and 66.1±3.8 ppm, 
respectively. Since the TOC in the WWRe is relatively high, a severe fouling is 
expected when the WWRe flows through the porous surface of the PES 
substrate [15].   
 
Commercial UF and NF membranes were used to pretreat the WWRe in order 
to mitigate fouling in the PRO process. After UF and NF, the TOC in WWRe 
was effectively reduced to 32.23 ppm and 22.59 ppm, respectively. Table 4.4 
lists the major cations and anions in the original, UF and NF filtrated WWRe. 
The concentrations of calcium ion (72.70 ppm) and sulfate ion (253.54 ppm) 
were among the highest in the WWRe. Under the testing conditions, the 
saturation indexes (SI) of gypsum (CaSO4·2H2O) was -1.39. Though gypsum 
was undersaturation in the WWRe, it might become supersaturated as water was 
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removed by the PRO membrane. Therefore, gypsum was suspected to be the 
main scalants in the PRO process [26]. 
 
Table 4.4 TOC and ion concentrations of original seawater brine (SWBr) and 
wastewater brine (WWBr) from the NEWater plant 
 
4.4.2. The effects of Hydraulic Pressure Difference on PWP and Salt 
Permeability 
 
Figure 4.4 Pure water permeability, A, and salt permeability, B, of the 
stabilized TFC-PES hollow fiber membrane as a function of transmembrane 
pressure ΔP. 
 
Pure water permeability, A, and salt permeability, B, of the stabilized TFC-PES 
membrane were tested from 5 bar to 20 bar at an increment of 5 bar. As 
summarized in Figure 4.4., the PWP was almost at a constant value of 3.5 
LMH/bar throughout the pressure range, while the salt permeability increased 
monotonically from 0.28 LMH at 5 bar to 0.36 LMH at 20 bar. The increased 
salt permeability at high hydraulic pressures was due to the defects present on 
the polyamide layer [27, 28]. Since the amount of salts that transported 
48 
 
convectively through the membranes increased proportionally with hydraulic 
pressure [29-31], the salt permeability was observed to increase almost linearly 
with hydraulic pressure. The profile of B versus pressure is subsequently used 
in the PRO process simulation.  
 
4.4.3. Power generation from SWBr and WWRe 
Water flux and power density are the key performance indicators of a PRO 
process [32-34]. The reverse salt flux is also an important parameter. A high 
reverse salt flux will enhance the internal concentration polarization (ICP) in 
the porous substrates and compromise the PRO performance [27, 28, 35]. Figure 
4.5 presents the performance of the PRO process using different combinations 
of draw and feed solutions. All data was collected after 30 min, when the water 
flux became stabilized as discussed in Section 4.6. The baseline was obtained 
using a 1 M NaCl solution as the draw solution and DI water as the feed solution. 
In the baseline condition, the power density reached 27.0 W/m2 at 20 bar, which 
is the best ever reported in the literature. In conditions A and B, DI water was 
used as the feed solution, while the 0.81 M NaCl solution and the SWBr as draw 
solutions, respectively. In both cases, the water flux dropped from 64 LMH to 
40 LMH when the transmembrane pressure increased from 0 to 20 bar. The 
water flux dropped faster at a higher transmembrane pressure due to a higher 
salt reverse flux and hence more enhanced ICP. The highest power densities 
achieved at 20 bar in condition A (21.3 W/M2) and condition B (21.1 W/M2) 
were very close, indicating that fouling of the SWBr on the selective skin was 
negligible, though the TOC was higher in the SWBr. This is because the SWBr 
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was facing the inner selective skin of the membrane and the water flux flowing 







Figure 4.5 (a) water flux (b) reverse salt flux and (c) power density as 
functions of transmembrane pressure using Baseline: 1M NaCl solution as 
draw solution (DS) and DI water as feed solution (FS), A: 0.81M NaCl 
solution as DS and DI water as FS, B: SWBr as DS and DI water as FS, C: 
0.81M NaCl solution as DS and WWRe brine as FS, D: SWBr as DS and 
WWRe as FS.  
 
When DI water was replaced by the WWRe in conditions C and D, the water 
flux dropped by 75%-80%. The severe reduction in water flux was caused by 
the fouling of the WWRe on the porous substrates. Foulants were trapped into 
the porous structure of the membranes by the water flux across the membrane. 
Even though the driving force was higher at lower transmembrane pressures, 
the higher driving force was offset by the more server fouling induced by the 
higher initial water flux at lower transmembrane pressures. 
 
Clearly, the fouling of the SWBr on the selective skin was negligible, while 
fouling of the WWRe on the porous substrates caused a 75%-80% reduction in 
water flux. The highest power density could only reach 4.55 W/m2 at 20 bar 
when using WWRe as the feed solution. In order to mitigate fouling on the 
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porous substrates and boost the power density, UF and NF were used to pretreat 
the WWRe before the PRO tests.  
 
4.4.4. Power generation from UF and NF treated SWBr and WWRe  
Figure 4.6 (a) and (b) compares the water flux and power density of the PRO 
process using a 0.81 M NaCl solution as the draw solution and original, UF and 
NF treated WWRe as feed solutions. The membrane was conditioned with the 
respective feed solution for 30 min before the data were collected.  
 
Figure 4.6 (a) Water flux and (b) power density as functions of 
transmembrane pressure using a 0.81M NaCl solution as the draw solution 
(DS) and A: original WWRe, B: WWRe UF filtrate and C: WWRe NF filtrate 
as feed solutions (FS), respectively.; (c) Water flux and (d) power density as 
functions of transmembrane pressure using SWBr as the DS and A: original 





After the UF pretreatment, the TOC of the WWRe was reduced from 44.05 ppm 
to 32.23 ppm without significant changes in ion concentrations. Only a marginal 
improvement was observed in the pressure range from 0 bar to 10 bar when the 
UF filtrate was used. Beyond 10 bar, the improvement became significant. Since 
there were negligible changes in ion concentrations, it was very likely that the 
improvement was resulted from the removal of organic foulants in UF. The NF 
treated WWRe further improved the PRO performance. This was due to the fact 
that the NF membrane not only effectively removed almost half of the TOC, but 
also reduced 66% and 43% of the sulfate and calcium ions, respectively. The 
performance enhancement may result from the reduced organic and gypsum 
fouling. However, even after the NF pretreatment, the highest power density 
achieved was only 9.31 W/m2. It is over 50% less than that obtained from the 
artificial WWRe (i.e., 0.011 M NaCl solution).  
 
The SWBr has a different composition from the 0.81 M NaCl solution because 
the former contains various metal cations. Thus, the reverse salt flux from SWBr 
can interact with the organic foulants in the feed solution and enhance fouling 
[36-38]. To rule out such possibilities, the above experiments were repeated 
using the SWBr as the draw solution. As shown in Figure 4.6  (c) and (d) and 
compared with Figure 4.6  (a) and (b), the difference in water flux was within 
5%, confirming that the negative effects of the SWBr on the PRO membrane 
was minimal. The highest power density reached 6.6 W/m2 and 8.9 W/m2 when 
using SWBr as the draw solution, and UF and NF treated WWRe as feed 




Although UF and NF pretreatments increased the power densities of the PRO 
process, they consumed energy. Thus a rough estimation was conducted to 
determine if a positive net energy density could be harvested under the 
following assumptions: 1) the transmembrane pressure of the UF and NF were 
maintained at 1 bar and 5 bar, respectively; 2) the PWP of the UF and NF 
remained constant at 83.3 LMH/bar and 4.32 LMH/bar, respectively; 3) 90% of 
the WWRe feed was recovered in the UF and NF processes; 4) 100% of the 
filtrate was utilized in the PRO process by recycling the filtrate. According to 
Table 4.5, positive energy outputs could be obtained in both cases. The net 
power densities of the PRO system with UF and NF pretreatment were 6.24 
W/m2 and 6.43 W/m2, respectively. The power consumption was higher for the 
NF pretreatment because of the higher operating pressure, which somewhat 
offset the additional gain in power density after the NF pretreatment. Moreover, 
the NF pretreatment required a larger membrane area because of the lower PWP 






PRO 6.6 8.9 
Pretreatment -0.36 -2.47 
Net 6.24 6.43 
Table 4.5 Estimation of the net power density of the PRO process at 20 bar 
with UF or NF pretreatment. 
 
4.4.5. Validation of the PRO Model 
Using a 0.81 M NaCl solution as the draw solution, two PRO experiments and 
simulations were conducted by assuming the feed solution is either 0.011 M 
NaCl or DI water. Figure 4.7 shows the results. The differences between the 
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model prediction and experimental data in water flux, reverse salt flux and 
power density were within 11.4%, 13.2% and 4.9%, respectively. However, the 
water flux was higher at 0 bar in real cases, and dropped slightly faster. On the 
other hand, the reverse salt flux was lower at 0 bar in real cases, and increased 
slightly faster. The small difference in salt concentration between DI water and 
0.011 M NaCl solutions resulted in a 33.5% reduction in water flux at 20 bar. 
The addition of 0.011M NaCl in the feed solution caused a reduction of 9.2% 
in the effective osmotic pressure difference across the selective layer and a drop 
of 33.5% in water flux due to enhanced ICP. At higher transmembrane pressures, 
the ICP induced by the increasing reverse salt flux in the case of using DI water 
as the feed solution became more severe, causing water flux to drop even faster. 
As a result, the difference in water flux between cases A and B diminished at 
higher transmembrane pressures. 
 
Figure 4.7 Comparisons of simulation and experiment results on a) water flux 
b) reverse salt flux c) power density of A: 0.81M NaCl solution as the draw 
solution (DS) and DI water as the feed solution (FS), B: 0.81M NaCl solution 
as DS and 0.011M NaCl solution as FS. The solid lines are the simulation 
results, and the scattered points are the experiment results. 
 
As shown in Figure 4.7 (c), the profile of power density is not a perfect parabolic. 
The peak of power density was skewed toward the higher pressure range. In the 
ideal case, the power density should peak at one half of the osmotic pressure 
difference. However, because the effective driving force was compromised by 
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the hydraulic resistance, ICP and reverse salt flux, a higher transmembrane 
pressure is needed to achieve the maximum power density. According to the 
simulation results, the maximum power densities that can be achieved are 22.40 
W/m2 at 22 bar and 16.95 W/m2 at 23 bar using DI water and 0.011 M NaCl as 
feed solutions, respectively.  
 
4.4.6. Fouling of WWRe, WWRe UF filtrates and WWRe NF filtrates 
In Figure 4.8 (a)-(c), water fluxes were recorded for the first 30 min of the PRO 
experiments using WWRe, UF and NF treated WWRe as feed solutions, 
respectively. The draw solution was a 0.81 M NaCl solution. In all the cases, 
the water flux dropped sharply in the first 5 min, slowed down gradually and 
continued to drop at a much slower rate over a long period. The water flux 
obtained using the WWRe NF filtrate was greater than that obtained using the 
WWRe UF filtrate, which was in turn greater than that obtained using the 
original WWRe.  
 
Figure 4.8 Water flux as a function of time using a 0.81 NaCl solution as the 
draw solution and (a) original WWRe (b) WWRe UF filtrate (c) WWRe NF 
filtrate as feed solutions at different pressures. 
 
Fouling caused a reduction in water flux by decreasing PWP of the membrane 
and weakening the effective osmotic driving force. Finding how PWP was 
influenced by fouling is of great interest in this study. The aforementioned PRO 
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model was used to isolate the changes in transport properties of the PRO 
membrane from other factors. The PRO performance data were fitted into the 
PRO model (Figure 4.2) in order to calculate both PWP and B as functions of 
operation pressure and time through trial and error. As presented in Figure 4.9 
(a)-(c), the PWP was improved by 17%, 6% and 61% at 0 bar, 10 bar and 20 
bar, respectively, using the WWRe UF filtrate; and it was improved by 70%, 
82% and 127% at 0 bar, 10 bar and 20 bar, respectively, using the WWRe NF 
filtrate.  
 
Figure 4.9 PWP as a function of time using (a) original WWRe (b) WWRe 
UF filtrate (c) WWRe NF filtrate as the feed solutions and 0.81 NaCl solution 
as the draw solution at different pressures. 
 
When the original WWRe was used as the feed solution, the greatest drop in 
PWP was at 0 bar due to the high initial water flux, followed by at 20 bar and 
lastly at 10 bar. This was different from the cases when the UF filtrate and the 
NF filtrate were used as feed solutions, where the PWP reduction at 20 bar was 
smaller than that at 10 bar. One possible explanation is that fouling of the 
original WWRe was enhanced by the high reverse salt flux at 20 bar [37-39]. 
However, some foulants were effectively removed by the UF and NF, and 
therefore the fouling induced by the reverse salt flux became less severe when 
the UF filtrate and the NF filtrate were used. Even in the best case when the NF 
filtrate was used and tested at 20 bar, the PWP dropped to 1.45 LMH/bar, only 




A resistance in series model coupled with the Darcy’s law [40] can be used to 
relate the hydraulic resistance of the foulant to the PWP of the membrane by 







                                                  (19) 
where Rm is the hydraulic resistance of the pristine membrane and Rf is the 
hydraulic resistance of the foulants. The changes of Rf with time is shown in 
Figure 4.10 (a)-(c). Rm was 1.14×1014 m-1, calculated from the PWP of the 
pristine membrane. After the UF pretreatment of the WWRe, the Rf values were 
reduced by 14.5%, 5.7% and 37.9% at 0 bar, 10 bar and 20 bar, respectively; 
after NF pretreatment of the WWRe, the Rf values were reduced by 41.2%, 45.0% 
and 55.9% at 0 bar, 10 bar and 20 bar, respectively. In all cases, the Rf was the 
dominant hydraulic resistance and greatly compromised the performance of the 
PRO process. 
 
Figure 4.10 Rf as a function of time using (a) original WWRe (b) WWRe UF 
filtrate (c) WWRe NF filtrate as feed solutions and 0.81 NaCl solution as the 
draw solution at different pressures. 
 
4.5. Conclusion and Implication 
PRO is a promising process to harvest the osmotic energy. A high power density 
of 21 W/m2 has been achieved using 0.81 M NaCl and DI water as feeds. 
However, the power density dropped to 4.55 W/m2 when real SWBr and WWRe 
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were used. The fouling of the WWRe on the porous substrate of the TFC-PES 
membranes was identified as the main cause of this significant reduction in 
power density, while the negative effects of SWBr on the PRO performances 
were negligible. Both UF and NF processes were used to pretreat the WWRe, 
and the resultant power densities recovered to 6.6 W/m2 and 8.9 W/m2, 
respectively. Both were above the proposed power density of 5 W/m2 set by 
Statkraft for the PRO process to be economical [5, 8, 9]. However, the additional 
cost of the pretreatment has to be studied before implementation.  
 
As evidenced in this study, the hydraulic resistance of the foulants eventually 
became dominant in water transport across the membranes, despite of the high 
PWP of the membrane. Future researches should focus on the 1) development 
of innovative cleaning strategies for the PRO membrane[41, 42], 2) 
enhancement of the fouling resistance of the TFC membrane[43-46],  while 
maintaining its good transport and mechanical properties, 3) development of 
anti-foulant [47, 48] and anti-scalant [49] that can be used for a wide range of 
feed solutions, 4) development of cost-effective pretreatment processes [16, 50]. 
A preferred anti-fouling strategy should effectively mitigate fouling without 
significantly increasing the operating cost or the footprint of the PRO process, 
which makes the development of innovative cleaning strategy and anti-fouling 
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Chapter 5: Energy recovery by pressure retarded 
osmosis (PRO) in SWRO-PRO integrated processes 
 
5.1. Introduction 
The seawater reverse osmosis and pressure retarded osmosis (SWRO-PRO) 
integrated process has received increasing attention recently [1-7]. In the Japan 
Megaton Water Project, a PRO system where a maximum power density of 13.3 
W/m2 at a hydraulic pressure difference of approximately 27 bar was developed 
using the SWRO brine as the draw solution and freshwater as the feed [6, 8]. In 
this prototyped plant, hydro-turbines were used to harvest the osmotic energy. 
In 2014, Sarp et al. [5] and Prante et al. [4] independently proposed two modeled 
SWRO-PRO processes, where the high-pressure diluted seawater brine from 
PRO was used to pressurize the seawater feed to SWRO through a PX. However, 
most of the SWRO-PRO processes are conceptual and detailed process designs 
are missing in the literatures. Moreover, systematic SWRO-PRO models are 
needed for the integrated process design and optimization.  
 
In this study, detailed configurations of two novel SWRO-PRO integrated 
processes in terms of the positions and functions of each PX and HP were 
specified. The closed-loop SWRO-PRO may significantly reduce the seawater 
pretreatment cost and recover more osmotic energy from the brine, while the 
open-loop SWRO-PRO may offer greater flexibility for process design. 
Moreover, mathematical models that describe both the transport phenomena on 
a module level and the energy flow on a system level are developed to evaluate 
the performances of the SWRO-PRO processes. These two models are closely 
related by the flowrate and the pressure of the seawater/brine stream can be used 
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to optimize the entire SWRO-PRO system. These models will provide useful 
guidelines for process design and optimization. 
 
5.2. Theory 
5.2.1. Process descriptions  
 
Figure 5.1 Schematic drawings of the integrated SWRO-PRO processes (a) 
ΔVPRO < ΔVSWRO  (b) ΔVPRO = ΔVSWRO. 
 
Figure 5.1 (a) presents a general process of the integrated SWRO-PRO. Since it 
usually takes a huge membrane area to transport the same amount of water in 
PRO as in SWRO, the permeate volume in PRO is usually less than that in 
SWRO (i.e., ΔVPRO< ΔVSWRO) in the actual application. Therefore, the pretreated 
seawater under this condition is split into two streams before PX2. The fraction 
of pretreated seawater pressurized by PX2 is assumed to be f, and then the 
fraction of the pretreated seawater directly pressurized to the operating pressure 
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of SWRO by HP1 will be (1-f). In PX2, the pretreated seawater is pressurized 
to a medium-high pressure by the diluted draw solution from PRO. 
Subsequently, the effluent from PX2 is split into two streams before PX1: one 
is pressurized by PX1 using the high-pressure brine from SWRO and the other 
is pressurized by a high-pressure pump HP2 to the operating pressure of the 
SWRO system. All three feed streams are then combined and enter the SWRO 
system, where pure water is produced. The high-pressure brine from the SWRO 
passes part of its energy to seawater via PX1, and its pressure is reduced to a 
medium-high value. The medium-high pressure brine acts as the draw solution 
in the PRO system. In the PRO system, the concentrated brine gets diluted. As 
water permeates through the PRO membrane, the chemical potential is 
converted to the hydraulic pressure of the draw solution. Therefore, the draw 
solution is able to maintain its medium-high pressure at an increased volumetric 
flowrate. The diluted draw solution is then utilized in PX2 to pressurize the 
pretreated seawater. When ΔVPRO<ΔVSWRO, the diluted draw solution from PRO 
has a salinity that is higher than the pretreated seawater and it is not economical 
to recycle it as the feed solution to SWRO, because this will require a higher 
energy input to achieve the same recovery in SWRO and also result in salt 
accumulation in the seawater feed. Hence, the diluted draw solution is 
discharged after pressure exchanging with the pretreated seawater feed. It is 
worth mentioning that the PX does not have an efficiency of 100% and therefore 
a boost pump is always needed to make up the pressure loss, which is not shown 




In the special case of f = 1, the general SWRO-PRO process can be simplified 
as presented in Figure 5.1 (b). In this process, the permeate volume in PRO is 
the same as that in SWRO, i.e. ΔVPRO=ΔVSWRO and V0SW= VfD. Therefore, the 
diluted draw solution from PRO can be directly used as the feed solution to 
SWRO. This process has several additional advantages: (1) recycling the draw 
solution as the feed to SWRO can tremendously cut down the pretreatment cost 
of SWRO, (2) it eliminates the need of addition HP1 and PX2 as in Figure 5.1 
(a), (3) there is no pressure lost due to the less than 100% efficiency of PX2. As 
presented, the pretreated seawater or the diluted draw solution with a medium-
high pressure splits into two streams before PX1: one is pressurized by PX1 
using the high-pressure brine from the SWRO system and the other is 
pressurized by a high-pressure pump (HP) to the operating pressure of the 
SWRO system. The two streams are then combined, enter the SWRO system 
and go through the same cycle as the process in Figure 5.1 (a). Though the 
recycled draw solution can be any type of draw solution indeed [9, 10], 
pretreatment seawater is preferred because it requires less modification of the 
existing and heavily-optimized SWRO system. 
 
5.2.2. Material balance 
In both processes, the seawater or its concentrated brine runs through the entire 
system. The recovery of SWRO and dilution factor of PRO can be conveniently 
defined as follows to facilitate further investigations of the processes. The 
recovery of the SWRO system, Rec, is defined as the flowrate ratio of the 











= =                                               (5.1) 
where 0SWV is the flowrate at which the feed seawater enters the SWRO system,
f
SWV is the flowrate at which the seawater brine exits the SWRO system and 
SWROV∆ is the flowrate of the permeate from the SWRO membrane. 
 









= = −                                                     (5.2) 
where 0DV is the flowrate at which the draw solution (i.e., the concentrated 





the flowrate at which the diluted draw solution exits the PRO system and PROV∆
is the flowrate at which water permeates through the PRO membrane. The DF 
indicates the fraction of the concentrated brine in the diluted brine after PRO. A 
DF approaching 0% indicates the draw solution is infinitely diluted, while a DF 
approaching 100% indicates the draw solution is not diluted.  
 
As previously defined, f is the fraction of the total seawater feed V0SW that is 
pressurized by PX2. It is essential to keep the flowrates of the diluted draw 
solution and the feed seawater entering PX2 equal in order to maximize the 
efficiency of PX1 [11]. Therefore, the flowrate of the diluted draw solution is 







= ≤                                                        (5.3) 
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The following two equations can be obtained from eqn. 5.1 and 5.2 by carrying 
out mass balance over the entire system.  
Rec 1
RecPRO SWRO




=                                                         (5.5) 
 
5.2.3. PRO modelling 
In a PRO system, the amount of energy can be harvested is proportional to the 
mixing volume. Therefore, dilution of the draw solution is inevitable. On one 
hand, more energy can be harvested as dilution goes on; and on the other hand, 
dilution causes reductions in the effective driving force and therefore reduction 
in the average power density. These two effects result in an increased demand 
of membrane areas in order to achieve a higher dilution of the draw solution. 
Eventually, the total amount of energy can be harvested and the average power 
density of a PRO system will be limited by the membrane areas available [12].  
 
 
Figure 5.2 Schematic drawing of the PRO process in a single hollow fiber. 
 
As shown in Figure 5.2, the feed and draw solutions flow counter-currently in 
the hollow fiber module. The draw solution is on the lumen side while the feed 
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solution is on the shell side of the module. The flow direction of the draw 
solution is arbitrarily chosen as the positive direction.  
 
During the design of a PRO system, it is important to find out the membrane 
areas required to achieve a certain dilution of the draw solution or recovery of 
the feed solution and the corresponding optimum operating conditions. The 
dilutive factor of the draw solution, DF, and the recovery of the feed solution, 
PROREC , are the two sides of the same coin and can be interconverted through 







= −                                           (5.6) 
Since seawater and its brine runs through the entire SWRO-PRO process, the 
analyses will be more systematic by carrying out material balance of the 
seawater/brine streams. A one dimensional mass transfer model can be 
developed as following.  
( )D D W W md V J dAρ ρ=                                               (5.7) 
 ( )F F W W md V J dAρ ρ=                                               (5.8) 
  ( )D D S md C V J dA= −                                                  (5.9) 
                          ( )F F S md C V J dA= −                                                (5.10) 
where ρD, ρF and ρW are the densities of the draw solution, feed solution and 
pure water respectively. ρW are used in the right sides of the eqn. 5.7-5.10 
because it is the pure water rather than the feed solution that passes through the 
PRO membrane. ρD and ρF vary as the concentrations of the draw solution and 
feed solution change. Since both the feed solution and the draw solution are 
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diluted aqueous solutions, ρD and ρF can be estimated from the following 
equations.  
D W DCρ ρ= +                                                    (5.11) 
F W FCρ ρ= +                                                    (5.12) 
Up to a salt concentration of 400 g/L, which is far beyond the salt concentration 
of the brine from conventional SWRO, the above equations can accurately 
predict the densities with less than 5% deviation from the correlations provided 
by Sharqawy et al. [13]. It is worth noting that the units of CD and CF are g/L in 
all the equations.  
 
Eqn. 5.7-5.10 can be rearranged as functions of dVD as shown in Appendix A 
and integrated with the following boundary conditions to analyze the 
performance of the PRO hollow fibers as dilution occurs. At the entrance of the 
draw solution where no dilution occurs (i.e., 0D DV V= ), we have
0( ) 0m DA V = and 







= = ), we have 0( )fF D FV V V=  and 
0( )fF D FC V C= . The integration 
is carried out in this special way to evaluate the membrane area needed, the total 
amount of energy harvested and the average power density obtained at a certain 
dilution of the draw solution.  
 










= = −                                       (5.13) 
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The pressure ratio, PR, is defined as the ratio of the hydraulic pressure 
difference over the maximum osmotic pressure difference between the draw and 







                                                     (5.14) 
where maxπ∆  is the maximum osmotic pressure difference between the draw and 
feed solutions at their respective inlets. If freshwater or solution of very low 






π π π π∆ = − ≈ =
−
                                 (5.15) 




is the osmotic pressure of the draw solution (i.e., the concentration 
brine), which is also the minimum pressure that has to be overcome to achieve 
a recovery of Rec in SWRO. 
 
The average power density of the module, PD , at a constant ΔP is defined as 
following. 
  wPD J P= ∆                                                         (5.16) 
The residence time of the draw solution in the hollow fiber module, t, is defined 











5.2.4. Energy consumption of the SWRO-PRO process  
The specific energy consumption of a stand-alone SWRO, SWROSEC , depends 
on the recovery ratio. A minimum hydraulic pressure equal to the osmotic 
pressure of the concentrated brine has to be applied in SWRO to achieve a 
desired recovery. In reality the operating pressure is often 10-20% higher than 
this minimum value to compensate the pressure loss and enhance the SWRO 
water flux [14]. The specific energy consumption (SEC) to produce 1 m3 of 








                                              (5.18) 
where Pη  is the efficiency of the HP. The SWROSEC  has been significantly 
reduced due to the invention of ERD. The specific energy consumption of 
SWRO in the presence of a single ERD, SWROSECERD , can be calculated from the 











                                       (5.19) 
where Eη  is the efficiency of the ERD. However, this equation cannot be 
directly applied to the integrated SWRO-PRO processes. 
 
In the SWRO-PRO processes, more energy can be further recovered in the PRO 
system. Specific energy recovery is defined as the amount of energy that can be 
recovered from the brine for every m3 of freshwater produced in SWRO. If a 
process as shown in Figure 5.1 (a) is employed, eqn. 5.3-5.5 and 5.13-5.16 can 
be combined as follows.  
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           , 0





A PD PR fSER
V
π− + −= =
−
                    (5.20) 
The factor of (1 Rec)
Rec
− in eqn. 5.20 is to convert the energy production of the 
PRO system from per m3 of the concentration brine basis to per m3 of 
desalinated water basis as used in eqn. 5.19.  
 
It should be noted that not only the permeate flow from the PRO system but also 
the draw solution is used for energy recover in PX2. Thus, the amount of energy 
recovered in PX2 is as follows. 
2, ,2Rec(1 Rec)PX a SW E
fPRSER π η=
−
                                      (5.21) 




RecPX a SW E
PRSER π η−=                                             (5.22) 
The specific energy consumption for the integrated SWRO-PRO process in 
Figure 5.1 (a), SECa, is the difference between the energy consumed in the 
SWRO and those recovered in PX1 and PX2.  
1, 2,
,1 ,2[1 (1 Rec)(1 ) ]            
Rec(1 Rec)
a P SWRO P PX a PX a
E E SW
P






− − − −
=
−
                      (5.23) 
Applying the same analysis for the process Figure 5.1 (b), SECb, can be 
calculated from eqn. 5.23 by setting f=1. Since the diluted draw solution is 
recycled to the SWRO instead of being used for pressure exchanging in PX2, 
eqn. 5.24 can be obtained by further setting ηE,2=100% in eqn. 5.23. 
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                              (5.24)  
As shown in eqn. 5.23 and 5.24, SEC of SWRO-PRO is a solely function of PR 
for given Rec and f. Therefore, finding the optimum PR is of vital importance 
to determine the specific energy consumption of a SWRO-PRO system. The 
SECs of different SWRO-involved processes are summarized in Figure 5.3.  
 
Figure 5.3 Summary of the specific energy consumptions (SECs) on per m3 
of desalinated water basis in various SWRO-involved systems. 
 
5.3. Results and Discussion 
5.3.1. Simulation inputs 
The simulations in this study are based on the state-of-the-art PES-TFC hollow 
fiber membranes developed in our previous work, where a power density of 27 
W/m2 at 20 bar has been obtained in lab-scale tests using 1M NaCl solution as 
the draw solution and deionized water as the feed solution [17, 18]. The 
characteristics of the membranes and the hypothetical module parameters are 
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summarized in Table 5.1. The membranes in the modules are assumed to have 
the same characterizations, which in reality may vary.  
 
Two scenarios are investigated in this study. In the first scenario, the recovery 
of the SWRO is 25%, which is a typical recovery of a one-stage SWRO system. 
In the second scenario, the recovery of the SWRO is 50%, which is a typical 
recovery of a multi-stage SWRO system. In each scenario, two types of feed 
solutions – freshwater (0 M) and wastewater (0.01 M) – are used in PRO. 
Wastewater, such as the typical secondary effluent from a wastewater plant or 
even the reject from a wastewater reverse osmosis plant, can be effectively used 
as the feed solution for PRO, due to its low TDS and low TOC. In both the cases, 
the salt concentration of the seawater is 35 g/L and the temperature of the 
solutions is 25 ̊C.  
 
Table 5.1 Summary of membrane characterizations and module parameters 
 
Specifically, the results presented here are based on the total flowrate of the 
draw solution in the range of 20-200 L/min in each module. In a PRO process, 
it is advisable that the maximum recovery of the low salinity source should not 
exceed 80% in order not to aggravate fouling [19]. Therefore, the flowrate of 
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= −                                                   (5.25) 
 
5.3.2. Average power density of the PRO modules in the SWRO-PRO 
process 
 
Figure 5.4 Average power density as functions of pressure ratio and dilutive factor 
(a) RecSWRO = 25%, CD0 = 0.8 M, CF0 = 0 M, 
(b) RecSWRO = 25%, CD0 = 0.8 M, CF0 = 0.01 M, 
(c) RecSWRO = 50%, CD0 = 1.2 M, CF0 = 0 M,  
(d) RecSWRO = 50%, CD0 = 1.2 M, CF0 = 0.01 M. 
 
The average power densities of the module at different conditions are presented 
in Figure 5.4 (a)-(d). In all of the four cases, the average power densities are 
functions of both the pressure ratio and the dilutive factor. Since the dilutive 
factor is only defined for the PRO system, the figures can be used extensively 
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for any process that involves a PRO system with the same feed and draw 
solutions.  
 
The diagonal line in each figure presents the operating condition that the 
hydraulic pressure difference equals the osmotic pressure difference at the inlet 
of the draw solution, above which the water flux and power density become 
negative. Therefore, it is not practical to operate the PRO system beyond this 
line, and the average power density is set to 0 by default. At a given dilutive 
factor, the average power density is a bell-shaped function of the pressure ratio. 
The average power density is maximized at the optimal pressure ratio. Either 
over-pressurizing or under-pressurizing from the optimal point will result in a 
reduced average power density. At a given pressure ratio, the average power 
density increases with the dilutive factor and reaches a maximum when there is 
minimal dilution (i.e., DF → 1).  
 
In Figure 5.4 (a) and (b), the recovery of the SWRO system is 25% and therefore 
the concentration of the draw solution entering the PRO system is 0.8 M. The 
average power density of the PRO system at a given dilutive factor and pressure 
ratio is always smaller when wastewater containing 0.01 M NaCl is used due to 
the enhanced ICP with increasing salt concentration in the feed solution [20-22]. 
The maximum average power densities appear as DF→1 (i.e., minimal dilution 
of the draw solution). The maximum average power densities are 23.8 W/m2 
and 18.0 W/m2, respectively, when freshwater and wastewater are used as the 
feed. In Figure 5.4 (c) and (d), the recovery of the SWRO system is 50% and 
therefore the concentration of the draw solution entering the PRO system is 1.2 
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M, and the maximum average power densities is boosted to 42.0 W/m2 and 32.9 
W/m2, respectively, when freshwater and wastewater are used as the feed. 
 
Ideally, the maximum power density should increase quadratically with the 
concentration of the draw solution. However, the results show that when the 
bulk concentration of the draw solution is increased to 150%, the maximum 
average power density is increased to 176% instead of 225% when freshwater 
is used as the feed solution. This can be attributed to ICP – the main factor that 
compromises the PRO performance [20, 21], which becomes more severe due 
to the increased reverse salt flux at the high draw solution concentrations [17, 
20-22]. This results in a less than ideal increase in the maximum power density.  
 
5.3.3. Optimal operating pressure of PRO 
 
Figure 5.5 The optimal pressure ratio as a function of the dilutive factor 
(a) RecSWRO = 25%, CD0 = 0.8 M, CF0 = 0 or 0.01 M 
(b) RecSWRO = 50%, CD0 = 1.2 M, CF0 = 0 or 0.01 M 
 
The operating lines of the PRO systems, presented in Figure 5.5 (a) and (b), are 
obtained by connecting the points of maximum average power densities at 
different dilutive factors in Figure 5.4 (a-d). In general, the optimal pressure 
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ratio is higher at a higher draw solution concentration. This is because the ICP 
effect is more enhanced due to the increased reverse salt flux at a higher draw 
solution concentration. At 25% recovery, the optimal pressure ratios at DF→1 
are 0.58 and 0.60, respectively, when freshwater and wastewater are used. When 
the draw solution concentration increases from 0.8 M to 1.2 M, the optimal 
pressure ratios at DF→1 are increased to 0.60 and 0.63, respectively. As 
dilution occurs (decreasing DF), the driving force – the osmotic pressure 
difference – decreases and the corresponding optimal pressure ratio decreases 
as well.  
 
5.3.4. Shortest resident time and the minimum membrane area required 
 
Figure 5.6 Shortest resident time of the draw solution inside the module as a 
function of the dilutive factor. 
(a) RecSWRO = 25%, CD0 = 0.8 M, CF0 = 0 or 0.01 M 
(b) RecSWRO = 50%, CD0 = 1.2 M, CF0 = 0 or 0.01 M 
 
Therefore, the required membrane area can be minimized if the PRO is operated 
at the optimal pressure ratio along the operating line where the average power 
density of the module is maximized. The normalized membrane area in terms 
of residence time (eqn. 5.17) is presented in Figure 5.6 (a) and (b). In both cases, 
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the residence time increases more steeply when the dilutive factor approaches 0 
or 100%. Therefore, it would be preferred to operate the PRO system with a 
dilutive factor in the range of 30% to 80% to enhance the stability of the system. 
 
The amount of energy that can be harvested from per m3 of draw solution in the 










                                                  (5.26) 
The minimum membrane area required can be affected by both the 
concentrations of the feed solution and the draw solution. On one hand, the 
minimal membrane areas are reduced by 15% on average due to the increased 
water fluxes when the draw solution concentration is increased from 0.8 M to 
1.2 M. On the other hand, the effect of increasing the salt concentration in the 
feed solution can be more significant: when the feed solution concentration 
increases from 0 M to 0.01 M, the minimal membrane area required is increased 
by more than 50% on average in both cases.  
 
5.3.5. Comparisons of SECs in various SWRO-involved systems  
The specific energy consumption on a basis of per m3 of desalinated water for 
various processes at 25% SWRO recovery and 50% SWRO recovery are 
summarized in Figure 5.7 (a) and (b), respectively. According to eqn. 5.4, the 







                                                         (5.27) 
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indicates the ratio of flowrates of the draw solution exiting 




larger than unity indicates a 
positive PROV∆ . A larger f indicates that more water is drawn by the PRO system, 
and more energy can be recovered in PX2. Therefore, the SEC is smaller at a 
larger f. 
 
As shown in Figure 5.7 (a), at 25% recovery, it takes 5.51 kWh to produce 1 m3 
of desalinated water. A PX can effectively reduce the SEC by 67.5% to 1.79 
kWh/m3. Currently, the PX is the dominant technology for energy recovery in 
a SWRO plant [11, 23]. By diluting the concentrated brine (the draw solution) 
to the seawater level, the PRO is able to further decrease the SEC to 1.08 
kWh/m3 at f = 100%. 
 
Figure 5.7 Comparison of the specific energy consumptions (SECs) between 
SWRO, SWRO+PX and SWRO+PRO+PX. While the SECs of SWRO and 
SWRO+PX are independent of f, the SEC of SWRO+PRO+PX can be further 
reduced because more energy can be recovered in PRO at a higher f. The 
values are calculated with ƞP=80% and ƞE=90%. (a) RecSWRO = 25% (b) 




As shown in Figure 5.7 (b), at 50% recovery, the SEC of the SWRO plant 
without a PX is 4.13 kWh/m3, which is lower that of the 25% recovery plant. 
This is because even though it takes a lower pressure to achieve the 25% 
recovery, the energy used to pressurize the remaining 75% brine is wasted 
without a PX. If the energy in the brine is recovered by a PX, the SEC of a 50% 
recovery SWRO becomes 2.27 kWh/m3, 26.8% higher than that of the 25% 
recovery SWRO with a PX. When PRO is used for energy recovery, the SEC 
of the SWRO-PRO process further drops to 1.14 kWh/m3 at f = 100%. 
 
Figure 5.8 Comparison of the minimum specific energy consumptions of the 
SWRO, SWRO+PX, SWRO+PX+PRO processes with different efficiencies of 
the HP and PX 
 
Figure 5.8 summarizes the minimal SECs of various SWRO-involved processes 
with different efficiencies of the HP and the PX. As shown, the SECs are 
increased due to the when the efficiencies of PX and HP are reduced. 
Interestingly, the smaller the recovery of SWRO, the larger the increase in SECs 
due to the reduced efficiencies. This is because there is more energy carried by 
the concentrated brine at a smaller recovery. As more energy can be recovered 
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by incorporating PX and PRO, low efficiency will cause more energy losses. 
This is also why the energy loss due to the reduced efficiencies in 
SWRO+PX+PRO is larger than that in SWRO+PX, which in turn is larger than 
that in SWRO. 
 
5.3.6. SER and SEC of SWRO-PRO integrated processes  
The relative amounts of specific energy recovery (SER) and specific energy 
consumption (SEC) in an ideal process (i.e., ηP = 100%, ηE = 100%) are 
investigated and the results are presented in Figure 5.9 (a). The y-axis is the 
flowrate of the brine/seawater streams normalized by the flowrate of the 
pretreated seawater feed, and the x-axis is the pressure of the brine/seawater 
streams normalized by the operating pressure of SWRO. Therefore, the area 
enclosed by x = y = 100% represents the total energy required for the 
desalination step (eqn. 5.18). Area 1 represents the SER by PX1 (eqn. 5.22), and 
area 2 represents the SER by PX2 (eqn. 5.21). Figure 5.9 (a) also exposes the 
limitations of energy recovery by PRO in the SWRO-PRO integrated process. 
Firstly, the concentration brine has enough energy to pressurize the feed 
seawater to the operating pressure of SWRO, but its flowrate cannot match that 
of the feed seawater because a fraction of Rec of the feed seawater is recovered 
as freshwater in SWRO. Secondly, the flowrate of the diluted brine is always 
less than or equal to the flowrate of the feed seawater, and it does not have the 
adequate energy to pressurize the feed seawater directly to the operating 
pressure of SWRO because the operating pressure of PRO is only a fraction of 
PR of the operating pressure of SWRO. Therefore, areas 3 and 4 represents the 
dead loss of energy that cannot be recovered, which is the specific energy 
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consumption of the process. Area 3 is indeed the energy loss due to inadequate 
dilution of the draw solution in PRO, which can be completely eliminated by 
increasing f to 1 as in Figure 5.1 (b). Area 4 is the energy loss due to the 
operation of the SWRO-PRO system. It cannot be eliminated as long as 
freshwater is produced. The additional energy that can be recovered by PRO 
(eqn. 5.21) in the SWRO+PX+PRO process is presented in area 5 in Figure 5.9 
(b), which is only a fraction of Rec of the energy recovered by PX1 (area 2). 
Area 6 in Figure 5.9 (b) represents the energy recovered in the SWRO+PX 
process. As shown, area 6 is the sum of area 1 and the upper portion of area 2. 
This is because in the SWRO+PX process, all the energy carried by the high 
pressure brine is used for energy recovery, and therefore the pressure of the 
brine can be reduced to 0. However, in the SWRO+PX+PRO process, the brine 
exiting PX1 still has a medium high pressure as required by the PRO system. 
 
Figure 5.9 (a) The specific energy recovery (SER) by PX1 and PX2 and specific 
energy consumption (SEC) in a SWRO+PX+PRO process as fractions of the 
total energy required for desalination. Area 1: SER by PX1, Area 2: SER by 
PX2, Area 3+Area 4: SEC  
(b) The additional SER by PRO compared to the conventional SWRO+PX 
process as fractions of the total energy required for desalination, Area 5: 




Incorporating a PRO system into the existing SWRO-PX plant will lead to an 
energy saving of 0.71 – 1.13 kWh/m3. It is projected that 36 million m3/day of 
desalinated water will be produced by SWRO by 2016 [24]. Therefore, it is 
estimated that 25.6 – 40.7 million kWh/day can be saved globally. 
 
5.4. Conclusion 
In this study, detailed designs of novel SWRO-PRO processes are presented, 
with the option to form a closed-loop process that can substantially cut down 
the pretreatment costs of the seawater. The SECs of various SWRO-involved 
processes are investigated. It shows that the SEC of the SWRO-PRO integrated 
process is the lowest among all the cases. When the SWRO is operated at 25% 
and 50% recovery and the brines are diluted to the seawater level, the SECs to 
produce 1 m3 of desalinated water can be reduced to 1.08 kWh and 1.14 kWh, 
respectively. It is evidenced from the SWRO-PRO model that finding the 
optimal operating pressure of the PRO system is of vital importance to 
maximize the average power density of the PRO system and minimize the SEC 
of the SWRO-PRO integrated process. While the integration of SWRO and 
PRO is possible, development of new PRO membranes that can sustain the 
optimal operating pressure of the PRO system and maintain a high water flux is 
needed. 
 
Nomenclature and units 
A: pure water permeability (PWP) [m3/(m2sPa)] 
Am: membrane area [m2] 
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B: salt permeability [m3/(m2s)] 
C: concentration [g/m3] 
D: diffusivity [m2/s] 
di: inner diameter [m] 
f: fraction 
i: Van’t Hoff factor  
Js: reverse salt flux [g/(m2s)] 
Jw: water flux [m3/(m2s)] 
k: mass transfer coefficient [m3/(m2s)] 
P: pressure [Pa] 
R: universal gas constant [J/(moleK)] 
S: structure parameter [m] 
t: residence time [s] 
T: temperature [K] 
V: flowrate [m3/s] 
W: work [J] 
Greek Symbols  
ε: porosity 
ƞ: efficicency 
τ: tortuosity  
λ: wall thickness [m] 
π: osmotic pressure [Pa] 
Abbreviations 
DF: dilutive factor 
PD: power density 
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PR: pressure ratio 
Re: Reynold number 
Rec: recovery 
Sc: Schmidt number 
Sh: Sherwood number 
SEC: specific energy consumption [J/ m3] 
SER: specific energy recovery [J/ m3] 
Subscripts 
a: process in Figure 1 (a) 
b: process in Figure 1 (b) 
E: energy recovery device 
D: draw solution 
F: feed solution 
P: pump 
PRO: pressure retarded osmosis 
PX1: pressure exchanger 1 
PX2: pressure exchanger 2 
SW: seawater 
SWRO: seawater reverse osmosis 
Superscripts 
0: initial state 
f: final state 
PRO: with pressure retarded osmosis 
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Appendix B  
The osmotic pressure of the feed seawater is swπ . After a recovery of Rec, the 




, which is also the 
minimum operating pressure required to achieve such a recovery in SWRO and 
therefore the hydraulic pressure of the concentrated brine. The total energy 








                                                   (5.32) 
The following equation can be derived by normalizing eqn. 5.32 by the flowrate 










                                      (5.33) 
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For the process in Figure 5.1 (a), the hydraulic pressure of the concentrated brine 




in PX2. Therefore the total energy recovery by PX2 is 
as follows. 
2 2 ,2[(1 Rec) ][(1 ) ]1 Rec
f o SW
PX a sw PX E SW EW V P V PR
π
η η= ∆ = − −
−
                (5.34) 
The following equation can be derived by normalizing eqn. 5.34 by the flowrate 










π η−= =                                  (5.35) 
After PRO, the flowrate of the diluted brine increases from fswV  to 0SWfV  and the 




. In PX1, the pressure of the diluted brine 
is reduced to 0. Therefore, the total energy recovery by PX1 is as follows. 
0 0
1, 1 ,1[ 0](1 Rec)PX a sw PX E sw SW E
PRW fV P fVη π η= ∆ = −
−
                          (5.36) 
The following equation can be derived by normalizing eqn. 5.36 by the flowrate 
of the desalinated water. 
1,
1, ,1Rec Rec(1 Rec)
PX a






                               (5.37) 
By energy conservation, pumping ( aNEC ) is needed to provide the energy, in 
additional to those recovered in PX1 and PX2, for desalination in SWRO.  
1, 2SWRO P a P PX a PXSEC SEC SER SERη η= + +                                (5.38) 
Substituting the expressions of SWROSEC , 1PXSER  and 2PXSER  into eqn. 5.36 




,1 ,2[1 (1 Rec)(1 ) ]            
Rec(1 Rec)
a P SWRO P PX a PX a
E E SW
P






− − − −
=
−
                         (5.39) 
For the process in Figure 5.1 (b), the same amount of energy is recovered in 
PX2. However, the flowrate of the diluted brine only increases to 0SWfV in the 
PRO system. Therefore, the SER of PX1 and bNEC  are as follows. 
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Chapter 6: Maximize the operating profit of a SWRO-
PRO integrated process for optimal water production 
and energy recovery 
 
6.1. Introduction 
In our previous study, we calculated that the SECs of SWRO-PRO are 1.08 
kWh/(m3 of desalinated water) and 1.14 kWh/(m3 of desalinated water) for 25% 
and 50% recovery, respectively [1]. However, the optimal operating condition 
of the SWRO-PRO process might be different from the conventional SWRO 
without PRO, because the system dynamics of the SWRO-PRO process is 
different from that of the conventional SWRO process. A SWRO recovery of 
25% or 50% may no longer be the optimal recovery in a SWRO-PRO process. 
Therefore, in this work, we will continue to investigate the system dynamics of 
SWRO-PRO and develop a strategy to optimize it. Moreover, the SWRO-PRO 
process can mitigate the negative environmental impacts of the SWRO brine 
disposal by diluting the brine to the same salinity of seawater in PRO [2-4]. 
While most of the previous modelling works focused on the local mass transfer 
[5, 6], there are limited studies that investigated the PRO performance under 
dilution along the membrane modules [1, 7-12]. Investigation of dilution effects 
often requires integration of mass transport equations [1, 7-12]. Xiao et al. and 
Sivertsen et al. have developed full models to describe the inherit concentration 
polarization and dilution effects in hollow fiber modules [25, 26].  
 
In this study, based on reasonable assumptions and simplifications, an analytical 
model that can be easily implemented without complicated integrations has 
been developed. Not only can it predict the PRO performance with a high 
97 
 
accuracy but also perform as a handy tool for the process design and 
optimization. With this model, we will present a holistic view of the SWRO-
PRO process by introducing the operating profit, namely, the profit generated 
for every m3 of seawater entering the process, to facilitate the optimization of 
the SWRO-PRO process in its entirety.  
 
6.2. Theory 
6.2.1. Process description 
Figure 6.1 (a) and 1 (b) present the process flow diagrams of a SWRO and a 
SWRO-PRO processes, respectively. In the SWRO process, seawater is directly 
pressurized by a high pressure pump and sent to the SWRO unit. The brine from 
the SWRO unit then goes through an energy recovery device (ERD) to recover 
the energy carried by the high pressure brine, which can be used to compensate 
the energy consumption of the high pressure pump. In the SWRO-PRO process, 
the brine after ERD 1 can be used as the draw solution in the PRO unit and 
subsequently the osmotic energy can be harvested in ERD 2 to further 
compensate the energy consumption of the high pressure pump. The ERD can 
be any device that recovers the energy from a high pressure stream, but a 
pressure exchanger (PX) is preferred because of its ease to operate and high 
efficiency [13]. The feed solution to the PRO can be fresh surface water or 
treated wastewater with a low salinity. The SWRO should be strategically 
located near such a low salinity water source in order to reduce the piping and 
pumping costs and potentially to recover more osmotic energies from the 
concentrated brine if more feed solutions are readily available. Although the 
detailed process design in terms of pipelines and energy integration can be 
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different [1, 14, 15], Figure 6.1 (b) presents a universal process flow that can be 
modified to more specific designs. 
 
The recovery of the SWRO unit, R, is defined as the flowrate ratio of the SWRO 






=                                                    (6.1) 
Where VSW is the flowrate of seawater feed entering the SWRO unit and SWROV∆  
is the flowrate of the SWRO permeate. 
 
Figure 6.1 Schematic drawings of (a) a SWRO process (b) a SWRO-PRO 
process. 
 
The dilution factor of the draw solution exiting the PRO unit, DFL, is defined as 








= = −                                              (6.2) 
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where ,0DV is the flowrate of the draw solution feed (i.e., concentrated seawater 
brine) to the PRO unit, ,D LV is the flowrate of the diluted draw solution exiting 
the PRO unit and PROV∆ is the flowrate of the PRO permeate. A DFL 
approaching 0% indicates the draw solution is getting infinitely diluted and a 
DFL aproaching100% indicates the draw solution is not getting diluted.  
 
It is most desirable to dilute the SWRO brine to the same salinity as seawater in 
the PRO unit before discharge in order to minimize the negative impact on the 
marine ecosystem and recover more osmotic energies. This is also important if 
a PX is used as ERD 2 in order to minimize mixing and maximize the efficiency 
of the PX [16]. Therefore, the following equation needs to be satisfied.  
                                                     (6.3) 
Under this condition, Eqn. 6.2 can be written as follows. 
1LDF R= −                                                           (6.4) 
 
6.2.2. Power generation by PRO 
For an ideal semi-permeable membrane, the water permeation flux is 
proportional to the pure water permeability (PWP), A, and the driving force, 
which is the difference between the osmotic pressure difference Δπ and the 
hydraulic pressure difference ΔP.  
     ( )idealwJ A Pπ= ∆ −∆                                                 (6.5) 
The actual water flux of a PRO membrane is, however, lower than that of the 
ideal case, due to the effects of internal concentration polarization (ICP), 
external concentration polarization (ECP) and the reverse salt flux (Js). An 
PRO SWROV V∆ = ∆
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actual/ideal flux ratio, θ, can be used to correct the difference between the actual 
and ideal water fluxes [17]. θ can be considered as a constant with satisfactory 
accuracy over a wide range of operating hydraulic pressure differences across 
the PRO membrane [17].  
ideal
w wJ Jθ=                                                        (6.6) 
The power density, PD, of a PRO membrane is the product of hydraulic pressure 
difference, ΔP, and water permeation flux, Jw. 
wPD J P= ∆                                                          (6.7) 
Combining the above equations yields an equation of PD as a quadratic function 
of ΔP.  
( )PD A P Pθ π= ∆ −∆ ∆                                                 (6.8) 
Eqn. 6.8 has a maximum value of 1/4θAΔπ2 when the optimum hydraulic 
pressure difference equals to one half of the osmotic pressure difference.  
 
6.2.3. PRO model 
As shown in Figure 6.2, the draw solution and the feed solution go counter-
currently in the hollow fiber module. The draw solution is on the lumen side of 
the module while the feed solution is on the shell side of the module. The flow 
direction of the draw solution is arbitrarily chosen as the positive direction. For 
a differential area of the PRO membrane, the volume of water leaves the feed 
solution equals to that enters the draw solution. 
( )PROdV A P dMπ= ∆ −∆                                          (6.9) 




Figure 6.2 Schematic drawing of the PRO process in a single piece of hollow 
fiber. 
 
By the modifications and simplifications presented in the Appendix, the 
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= = = ∆ −∆
∆ −∆ − ∆ −∆
      (6.11) 
where wJ  is the average water flux of the hollow fiber module, ( )LMPπ∆ −∆ is 
the log-mean driving force difference, Δπ0 and ΔπL are the osmotic pressure 
differences between the draw solution and the feed solution at the inlet and 
outlet of the PRO module, respectively. 
 
The following dimensionless numbers – local dilutive factor (DF), local 
concentrative factor (CF), initial flowrate ratio (FR), initial concentration ratio 



































=                                                              (6.16) 
where DF is the local dilution factor of the draw solution, CF is the local 
concentration factor of the feed solution, FR and CR are the initial flowrate ratio 
and the initial concentration ratio between the feed solution and the draw 
solution, respectively, and PR is the pressure ratio of the operating pressure of 
PRO over the osmotic pressure of the concentrated brine from SWRO. 
 








=                                                        (6.17) 
The average power density of the module can be calculated from the average 
water flux. 
wPD J P= ∆                                                         (6.18) 
Similarly, the normalized average power density, ω, is the product of the 







= =                                                (6.19) 
The optimal operating pressure ratio can be found by solving the following 
equation. 
  ( ) 0d PR
dPR
ϕ
=                                                       (6.20) 
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As shown, φ and ω are only functions of the operation parameters. They are 
independent of the membrane properties. Therefore, the conclusion can be 
extended to a wide range of PRO membranes. It should be noted that Eqn. 6.17-
6.20 can also be applied to the case where the draw solution and feed solution 
go concurrently in the PRO hollow fiber modules. 
 
6.2.4. Energy consumption of SWRO 
The specific energy consumption (SEC) of a stand-alone SWRO, is limited by 
its recovery. For a perfect semi-permeable membrane, the minimum specific 
energy consumption on per m3 of seawater feed basis in the presence of a RED,














                                         (6.21) 
where πSW is the osmotic pressure of the seawater, ηP is the efficiency of the high 
pressure pump and ηE is the efficiency of the ERD.  
 
In the SWRO-PRO process, more energy can be recovered from the high-











− − + ⋅
=
−
                             (6.22) 
As shown in Eqn. 6.22, the SEC of a SWRO-PRO process is a function of 
recovery of the SWRO system and operating pressure ratio of the PRO system. 
One may reach the conclusion that SWRO PROSEC − can be minimized if PR is unity. 
However, a PR of unity indicates no driving force for PRO and hence the water 
flux and power density are 0. The optimal value of PR are restricted by the 
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dynamics of the SWRO-PRO system as described in session 6.2.2. Hence, Eqn. 
6.17-20 and 22 imply the trade-off between the specific energy consumption of 
the SWRO-PRO system and the power density of the PRO unit: a reduction of 
SWRO PROSEC −  requires a smaller R and a larger PR, which inevitably 
compromises water production and the power density of the PRO unit.  
 
6.2.5. Operating profit of a SWRO-PRO system 
The operating profit of SWRO-PRO, OP ($/m3 of seawater), can be defined as 
the profit generated for every m3 of seawater that enters the SWRO-PRO system. 
OP R SECα β= −                                              (6.23) 
where α is the water price ($/m3 of freshwater), β is the electricity price ($/J).  
 
The prices of water and electricity can be used as the weighting factors to 
determine the optimal operating condition of the SWRO-PRO system. Noticing 
that the unit of water price is in $/m3 while the electricity price is in $/J, the 
following factors are defined to compare the two prices on the same basis. 
                                                       (6.24) 
where  is the modified price of electricity ($/m3 of seawater, 1 J/Pa = 1 m3) 
and γ is the price ratio. Therefore, the dimensionless operating profit, ρ, can be 
expressed as follows.  
( )OP R SECρ γ
α
= = −                                          (6.25) 
The operating profit of a conventional SWRO process can be calculated from 




















                                     (6.26) 
In an ideal case where the high pressure pump and the pressure exchanger are 






                                               (6.27) 
If γ < 1, the above equation has the maximal value at the optimal recovery. 
2
,max (1 )SWROρ γ= −                                                 (6.28) 
, 1SWRO optR γ= −                                                    (6.29) 
Similarly, in the SWRO-PRO process, the operating profit can be calculated 
from the following equation. 










− − + ⋅
= −
−
                          (6.30) 
If the high pressure pump and the pressure exchanger are 100% efficient, Eqn. 









                                          (6.31) 
For a fixed value of PR, the above equation has a maximal value at the optimal 
recovery. 
                 2,max (1 (1 ))SWRO PRO PRρ γ− = − −                                (6.32) 
 , 1 (1 )SWRO PRO optR PRγ− = − −                                     (6.33) 
By comparing Eqn. 6.32 and 6.33 with Eqn. 6.28 and 6.29, the advantages of 
the SWRO-PRO process over the conventional SWRO process are that SWRO-
PRO can (1) be operated at a higher recovery and (2) achieve a higher operating 




6.2.6. Optimization of the SWRO-PRO process 
The strategy to optimize the SWRO-PRO process is (1) to maximize the 
operating profit of SWRO-PRO and (2) simultaneously to maintain the highest 
possible power density of PRO at the respective recovery of SWRO. 
Mathematically, this means finding the maximal value of Eqn. 6.30 subjecting 
to the relationship between R and PR as described by Eqn. 6.19 and 6.20. 
 
6.3. Results and Discussion 
6.3.1. Model validation 
6.3.1.1. Prediction of PRO water flux 
Figure 6.3 compares the experimental water flux of the TFC-PES hollow fiber 
[15] with water fluxes calculated from different models including the ideal 
model (Eqn. 6.5), the modified model with θ (Eqn. 6.6) and a full model 
considering ICP, ECP and Js effects [1, 6] under the following conditions: CD,0 
= 1000 mole/m3,  CF,L = 0 mole/m3 and T = 298K. The TFC-PES membrane 
was developed in our previous studies and its properties are presented in Table 
5.1 [20]. As shown, the ideal model tends to overestimate the water flux by a 
factor over 150%. The actual/ideal flux ratio can be determined by linear fitting 
the experimental data with the modified model (Eqn. 6.6). In this case, θ is 
determined to be 0.45 with a R2 of 0.994 between the experimental data and the 
modified model. A similar value was also reported by Efraty [17, 21] against 




Figure 6.3 A comparison between the experimental water flux and water 
fluxes predicted by different models. 
 
6.3.1.2. Prediction of PRO membrane area 
 
Figure 6.4 A comparison of the draw solution resident time predicted by the 
full model and the modified model. 
 
Eqn. 6.11 is validated in terms of its accuracy to predict the membrane areas 
needed to achieve a certain dilution. The total membrane area, Am, is an 
important parameter for the design of membrane processes. However, Am 
108 
 
increases with the capacity of the PRO unit (i.e., higher draw solution and feed 
solution flowrates). Therefore, it is more practical to examine the resident time 










= = −                                            (6.34) 
where t is the residence time of the draw solution and di is the inner diameter of 
the hollow fiber. Figure 6.4 shows a comparison of the residence time predicted 
by the full model [1, 6] and the modified model with θ. The deviation of the 
modified model from the full model is within 14%. This deviation is the 
accumulated deviation throughout the hollow fiber module. Because the 
membrane area required increases exponentially as dilution occurs, it is 
recommended to keep the dilution factor above 20%.  
 
6.3.2. Optimal operating pressure and pressure ratio  
The power density normalized by the osmotic pressure of the draw solution 
(Eqn. 6.19) as a function of pressure ratio and dilution factor in the PRO unit is 
presented in Figure 6.5. The vertical axis of the figure is divided by (1-CR) to 
eliminate the effect of the feed concentration. At a given dilution factor, the 
normalized power density is a bell-shaped function of the pressure ratio. In 
general, the maximal normalized power density and the optimal pressure ratio 
decrease as dilution occurs. Only at DFL approaches 1 when no dilution happens, 
the optimal modified pressure ratio (i.e., PR/(1-CR)) approaches 0.5 and the 
maximal normalized power density approaches 0.25, corresponding to the 
optimal operating pressure of 1/2Δπ and the maximum power density of 
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1/4θAΔπ2. As dilution happens, the osmotic pressure of the draw solution 
decreases and the maximum power density drops as well. At DFL=0.5, the 
optimal modified pressure ratio is 0.32 and the maximal normalized power 
density drops to 0.12θAΔπ2. This indicates that the maximal power density of a 
PRO unit under 50% dilution is less than 50% of the maximal power density 
when no dilution occurs. The modified pressure ratio and the maximal power 
density keep dropping and approach 0 as the dilution factor approaches 0 under 
infinite dilution. The optimal operating curve of a PRO unit is obtained by 
connecting the peak power density at each dilution factor in Figure 6.5.  
 
Figure 6.5 Normalized power density by the osmotic pressure of the draw 
solution (ω) as a function of dilution factor and normalized pressure ratio in 
a PRO unit for a given πD,0. The solid line is the optimal operating pressure 




Figure 6.5 shows how the normalized power density by the osmotic pressure of 
the draw solution (ω) changes with dilution for a given draw solution 
concentration in the PRO unit. However, in the SWRO-PRO system, the draw 
solution concentration (i.e., the concentrated brine) entering the PRO unit varies 
with the recovery of the SWRO unit. The initial osmotic pressure of the draw 







                                                             (6.35) 
 
Figure 6.6 Normalized power density by the osmotic pressure of sea water (Ω) 
as a function of recovery of the SWRO unit and the normalized pressure ratio 
of the PRO unit in the SWRO-PRO process. The solid line is the optimal 
operating pressure ratio as a function 
 
Therefore, the maximal amount of energy that can be harvested in PRO also 
increases with the recovery of SWRO. In order to compare the power densities 
on the same basis of πSW, the power densities are then normalized by the osmotic 
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pressure of seawater instead of the osmotic pressure of the concentrated brine 
as follows.  







                                              (6.36) 
Ω is the normalized power density by the osmotic pressure of seawater. As 
shown in Figure 6.6, the maximal power density that can be recovered is smaller 
when the recovery is lower due to the low concentration of the brine. The 
maximal value of Ω at the respective recovery increases gradually from 0.25 to 
0.5 when the recovery increases from 0 to 0.5, and increases more rapidly as the 
recovery approaches 1. The optimal operating curve of the PRO unit in a 
SWRO-PRO is obtained by connecting the peak power density at each SWRO 
recovery in Figure 6.6.  
 
Figure 6.7 Optimal operating pressure and normalized pressure ratio of PRO 




Since the absolute operating pressure in PRO is the product of the pressure ratio 
and the osmotic pressure of the draw solution, the absolute operating pressure 
of PRO increases with the osmotic pressure of the draw solution but decreases 
with the pressure ratio at increasing recovery. Figure 6.7 presents the optimal 
modified pressure ratio and the absolute pressure in PRO calculated using πSW 
= 30 bar with an equivalent NaCl concentration of 600 mole/m3 and freshwater 
as feeds. While the modified pressure ratio monotonically decreases from 0.5 to 
0, the absolute pressure increases gradually from 15 to 26 bar when recovery 
increases from 0 to 99% and then drops abruptly as recovery approaches 1 and 
the modified pressure ratio approaches 0. However, it should be noted that it is 
not practical to operate SWRO at recoveries approaching 100%. At a recovery 
of 50%, the absolute operating pressure is approximately 20 bar. The maximal 
value of the absolute operating pressure of PRO is approximately 26 bar. 
Therefore, PRO membranes that can withstand a pressure of 26 bar will be 
strong enough for the proposed SWRO-PRO process.  
 
6.3.3. Optimization of SWRO-PRO 
The price ratio between electricity and water reflects their relative demands. A 
smaller electricity-to-water price ratio implies that more energy can be 
consumed to produce water while maintaining the SWRO-PRO process 
profitable. On the contrary, a larger ratio implies that electricity is scarcer than 
water and the SWRO-PRO process may no longer be profitable if it consumes 
too much energy. While the water price influences the total profit of the SWRO-
PRO process, it is only the electricity-to-water price ratio that determines the 
optimal operating condition of the process according to Eqn. 6.31. The 
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electricity price, water price and their ratios in different countries are listed in 
Table 6.1. As shown, the price ratio ranges from 0.01 to 0.5 in most countries. 
Interestingly, Jamaica and Denmark have similar electricity prices, but their 
water prices are 12 times different. This will significantly impact the optimal 
operating condition of SWRO-PRO. 
 
Country 




Mod. Elec. Price 
( βπsw, USD/m3) 
Price Ratio 
(γ=βπsw/α) 
Jamaica 0.76 0.45 0.375 0.489 
Singapore 0.94 0.21 0.173 0.185 
US 1.30 0.17 0.140 0.108 
Dubai 2.64 0.06 0.049 0.019 
Denmark 9.21 0.40 0.33 0.036 
Table 6.1 Summary of water and electricity prices in different countries 
 
The normalized operating profits obtained are presented in Figure 6.8. The 
maximal normalized operating profit is unity at the price ratio of 0. This means 
electricity is free and therefore the SWRO can operate at a recovery of 100% 
and still make a good profit. As the price ratio increases, the optimal recovery 
decreases and at some point the operating profit becomes 0 or even negative 
because electricity cost surpasses the profit of producing desalinated water. 
Eventually, as price ratio continues to increase, the operating profit will become 
negative at all recoveries. In the price ratio range between 0.01 and 0.5, the 
optimal recovery is between 0.38 and 0.9. The optimal operating curve of the 
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SWRO unit is obtained by connecting the maximal operating profit at each price 
ratio in Figure 6.8. 
 
Figure 6.8 Normalized operating profit (ρ) as a function of price ratio and 
SWRO recovery of SWRO-PRO. The solid line is the optimal recovery of 
SWRO-PRO as a function of the electricity-water price ratio. 
 
6.3.4. Normalized operating profit and specific energy consumption 
The maximal normalized operating profits of the conventional SWRO process 
and the SWRO-PRO process are shown in Figure 6.9. Since the price ratio in 
most countries are smaller than 0.2, SWRO-PRO can harvest additional 
operating profits up to 22%. At a price ratio of 0.5, more than 100% of 





Figure 6.9 A comparison of the maximal normalized operating profits (ρmax) 
of SWRO and SWRO-PRO at different price ratios, calculated with ηP = 90% 
and ηE = 95%. 
 
Another important parameter of desalination is the specific energy consumption 
to generate 1 m3 of desalinated water. Eqn. 6.37 and 6.38 can be obtained by 
dividing Eqn. 6.21 and 6.22 by R to convert the basis from per m3 of seawater 

























− − + ⋅
=
−
                           (38) 
Figure 6.10 presents the specific energy consumptions to generate 1 m3 of 
desalinated water by SWRO and SWRO-PRO. Though there is a minimum 
value between 10% and 20% recovery in both cases, this would be the optimal 
recovery only if the electricity-to-water price ratio is equal to 1 as shown in 
Figure 6.8. In other words, the efforts to minimize the SEC of SWRO is based 
on the assumption that the price of water produced is equally to the cost of 
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electricity. However, in most of the countries, the electricity-to-water price ratio 
is much smaller than 1 and hence operating the system at a higher recovery is 
indeed favored to increase the operating profits. Therefore, maximizing the 
operating profit of SWRO can be a better strategy than minimizing SEC to 
optimize a SWRO-PRO process. As shown, the SWRO-PRO system is able to 
reduce the specific energy consumption by up to 35%. 
 
Figure 6.10 A comparison of specific energy consumptions to generate 1 m3 
of desalinated water between SWRO and SWRO-PRO, calculated with πsw= 
30 bar, ηP = 90% and ηE = 95%. 
 
6.4. Conclusion  
The operating profit, the uttermost objective, of a SWRO-PRO process has been 
investigated in this study. Maximization of the operating profit of SWRO can 
be a better approach than minimization of SEC in order to optimize SWRO-
PRO, since it takes into account of the relative demands of water and energy. 
The SWRO-PRO process can be optimized by finding the optimal recovery that 
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maximizes the operating profit and the optimal pressure ratio that maximizes 
the power density at the respective recovery. The model shows that while the 
prices of water and electricity determine the operating profit of the system, only 
their ratio determines the optimal operating condition. As evidenced from the 
analyses, integration of SWRO with PRO will push the recovery above 50%, 
reduce the specific energy consumption by up to 35% and increase the operating 
profit by up to 100%. Development of membranes that can withstand a 
hydraulic pressure difference of 26 bar and have a good water permeability are 
needed for the proposed SWRO-PRO system. While integration of PRO with 
SWRO will reduce the specific energy of desalination and increase the operating 
profit, such integration requires additional capital investment in membranes, 
pumps and energy recovery devices. Detailed techno-economic and life cycle 
analyses are needed in the future to investigate in terms of capital expense 




A: pure water permeability [m3/(m2sPa)] 
B: salt permeability [m3/(m2s)] 
C: concentration [mole/m3] 
di: inner diameter [m] 
i: Van’t Hoff factor  
Jw: water flux [m3/(m2s)] 
M: membrane area [m2] 




T: temperature [K] 
V: flowrate [m3/s] 
Greek Symbols  
α: price of water [$/m3 of freshwater] 
β: price of electricity [$/J] 
φ: normalized water flux 
γ: price ratio 
ƞ: efficiency 
π: osmotic pressure [Pa] 
 θ: actual/ideal flux ratio 
ρ: normalized operating profit 
ω: normalized power density by the osmotic pressure of the brine 
Ω: normalized power density by the osmotic pressure of seawater 
Abbreviations 
CF: concentrative factor of feed 
DF: dilutive factor of draw 
FR: feed/draw flowrate ratio 
OP: operating profit 
PD: power density 
PR: pressure ratio 
SEC: specific energy consumption per m3 of seawater [J/ m3] 
Subscripts 
D: draw solution 
E: energy recovery device  
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F: feed solution 
P: High pressure pump 
SW: seawater 
SWRO: conventional SWRO process 
SWRO-PRO: SWRO-PRO process 
0: at the draw solution entrance of the module 
L: at the draw solution exit of the module 
Superscripts 
ideal: under ideal conditions 
SEC’: specific energy consumption per m3 of desalinated water [J/ m3]  
 
Appendix 
The dilution factor of the draw solution in the PRO unit, DF, is defined as the 
percentage of the original draw solution in the diluted draw solution or the ratio 
of the draw solution over its initial concentration. Similarly, the concentration 
factor of the feed solution in the PRO unit, CF, is defined as the ratio of the feed 
solution concentration over its initial value. One of the important characters of 
PRO membranes is the low salt permeability and Js/Jw << 1 [20, 22-
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= = − = −                           (a4) 
The pressure drops of the feed and draw solutions should be minimized during 
operation of the PRO module. When the osmotic pressure difference between 
the draw and feed solutions changes significantly, dΔP becomes much smaller 
than dΔπ. 
( ) ( ) ( )D Fd P d dπ π π π∆ −∆ = ∆ = −                                     (a5) 
,0 ,( ) ( )D F Ld P d DF CFπ π π∆ −∆ = −                                     (a6) 




( ) ( ) ( )D F L
D F
DF CF
d P A P dM
V V
π π
π θ π∆ −∆ = − − ∆ −∆                    (a7) 
where ,0Dπ  and ,F Lπ  are the osmotic pressures of the draw and feed solutions 
entering the PRO process, respectively. Rearranging the above equation and 















∆ −∆∫ ∫                         (a8) 
Noticing that DF and CF are the only two variables on the right side of Eqn. a8, 
the following estimations can be applied to simplify the integration. The 
deviation between this estimation and the exact solution, as we calculated, is 
less than 10%.  
2
0 LDF DF DF=                                                   (a9) 
 2 0 LCF CF CF=                                                  (a10) 
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Based on the material balance between the draw and feed solutions, the 
following equation can be obtained from Eqn. 12-14.  
0
1 1 11 ( 1)
LCF FR DF
= − −                                           (a11) 
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Chapter 7: Design and fabrication of inner-selective 
thin-film composite (TFC) hollow fiber modules for 
pressure retarded osmosis (PRO) 
 
7.1. Introduction 
In our previous studies, we developed a robust inner-selective TFC 
polyethersulfone (PES) hollow fiber membrane that exhibited a power density 
above 25 W/m2 using 1M NaCl solution and DI water as the feed pair at 20 bar 
[1, 2]. This membrane must be assembled into useful forms, i.e., modules, in 
order to modularize installation and operation and fully access the feasibility of 
PRO [3-5]. Therefore, module engineering plays an important role to optimize 
membrane performance for PRO in terms of increasing the membrane area per 
module, optimizing the flow pattern and enhancing the mechanical properties 
of the modules [3, 6]. However, techniques to fabricate hollow fiber modules 
have always been kept as trade secrets. Up to date, there are limited literatures 
on fabrication of scalable hollow fiber modules [7-10]. In most studies, 
interfacial polymerization was conducted on mini-modules comprising 3-10 
pieces of hollow fiber membranes instead of scalable modules [4, 5].  
 
In this work, we investigated the science and engineering to fabricate TFC 
hollow fiber module by assembling hollow fibers into a semi-pilot-scale module 
and subsequently conducting interfacial polymerization to form thin-film layers 
on the inner surfaces of the hollow fibers. These knowledge and skills are 
important to fabricate TFC hollow fiber modules for PRO, reverse osmosis, 
nanofiltration and other applications, bridging the gaps between membrane 
fabrication and module fabrication. 
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7.2. Fabrication of TFC-PES hollow fiber modules 
7.2.1. Fabrication of TFC-PES hollow fiber modules 
 
Figure 7.1 Schematic drawing of a PRO hollow fiber module 
 
Figure 7.1 presents a general configuration of the inner-selective PRO hollow 
fiber module with the draw solution flowing along the lumen side and the feed 
solution flowing along the shell side. The housing has two ports for the 
introduction and exit of the feed solution, respectively. The draw solution enters 
the port from one end cap, flows though the fiber lumens and exits from the 
other end cap. Tubesheets are formed at the two ends of the housing with 
openings to the lumens of the hollow fiber membranes. The tubesheets work as 
physical barriers to separate the feed solution from the draw solution and 
prevent mixing. Therefore, the only path for the feed solution to meet the draw 
solution is by passing through the walls of the hollow fiber membranes.  
 
7.2.2. Fabrication of PES hollow fiber modules 
The step-by-step fabrication of a hollow fiber module is presented in Figure 7.2. 
The PES hollow fiber substrates after the glycerol post-treatment were collected 
into a bundle. The amount of hollow fibers in each bundle was calculated to 
meet the target packing density, which was defined as the volumetric fraction 








=                                                        (7.1) 
where n is the total number of hollow fibers in the module, φ is the packing 
density, D is the inner diameter of the module housing and d is the outer 
diameter of the hollow fiber.  
 
Figure 7.2 Schematic drawings of the procedures to fabricate hollow fiber 
modules 
 
Hollow fiber modules with 30% and 50% packing densities were prepared. The 
simplest way to prepare the hollow fiber bundle is to collect the hollow fibers 
and arrange them in parallel randomly to form a bundle. However, when the 
packing density is low, the hollow fiber may not distribute uniformly and fill up 
the housing [11]. To overcome these shortcomings, structured hollow fiber 
bundles were prepared by laying down the hollow fibers in parallel at a uniform 
spacing to form a hollow fiber mat and then rolling up the mat to form a 
structured bundle [12, 13]. This method is relatively complicated but yields a 
more uniformly packed bundle even at a low packing density. At a high packing 
density, the hollow fibers can support each other and distribute more uniformly 




Figure 7.3 Formation of tubesheet by (a) gravitational potting (b) centrifugal 
potting 
 
The bundle was then cut into a desired length and inserted to the module housing. 
The lumens of the hollow fibers were temporarily sealed with glue or cement to 
prevent intrusions of epoxy during formation of the tubesheet. Formation of the 
tubesheet was conducted by potting the hollow fibers into a mold filled with 
epoxy. Two potting techniques were widely used; namely, gravitationally 
potting [14] and centrifugal potting [15]. In gravitationally potting as shown in 
Figure 7.3 (a), the module was held vertically and the epoxy was introduced 
from the bottom of the mold. The epoxy gradually settled down and penetrated 
to the space between hollow fibers under the gravitational force. To produce a 
tubesheet with high packing density, centrifugal potting was used to ensure that 
the space between hollow fibers was filled up with epoxy. During centrifugal 
potting, the module and the epoxy container were fixed horizontally along the 
central axis of the centrifuge machine as shown in Figure 7.3 (b). Two flow 
channels connect the epoxy container and the two molds. Under the centrifugal 
force, the epoxy was sent to fill up the molds and form the tubesheets. However, 
centrifugal potting is electricity-consuming and its productivity is limited by the 
capacity of the centrifuge machine. After the epoxy was solidified, the molds 
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were removed and the additional epoxy was cut off to re-expose the lumens of 
the hollow fibers.  
 
7.2.3. Interfacial polymerization on the inner surface of hollow fiber 
modules 
 
Figure 7.4 Procedures for interfacial polymerization of hollow fiber modules: 
(a) circulation of MPD and TMC solutions and (b) purging 
 
Interfacial polymerization was carried out on the inner surface of each hollow 
fiber to form a polyamide selective layer. First, the MPD solution was circulated 
in the lumen at a flowrate of 0.5 ml/min per hollow fiber for a certain duration 
using the setup sketched in Figure 7.4 (a). A duration of 3 min was employed to 
fabricate coupons of hollow fibers [1, 16], but the duration was increased to 5 
min and 7 min to ensure all the hollow fibers were effectively rinsed with the 
MPD solution. The excessive MPD solution was then removed by purging it out 
with compressed nitrogen for 5 min using the setup sketched in Figure 4 (b). 
Secondly, the TMC solution was circulated in the lumens at a flowrate of 0.5 
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ml/min per hollow fiber for a certain duration, ranging from 5 min as fabrication 
of 3 pieces of TFC-PES hollow fibers to 7 min and 9 min, to ensure polyamide 
layers were successfully formed on the hollow fiber membranes. The excessive 
TMC solution was then removed by purging it with compressed nitrogen for 2 
min.  
 
7.2.4. Detection and repair of hollow fiber membranes 
7.2.4.1. Detection of broken TFC-PES hollow fibers 
 
Figure 7.5 (a) A leakage test on the tubesheet to identify the broken fiber and 
(b) A leakage test on the hollow fiber bundle to identify the spot of leakage 
 
The hollow fibers could be damaged during handling and high pressure testing. 
Such broken fibers must be identified and plugged to restore the performance 
of the modules. In Figure 7.5 (a), the module housing was pressurized with 
compressed nitrogen at 10 bar. One end cap was plugged and the other remained 
open. If there were any gas leakages from the shell to the lumens, they should 
be detected by a gas detector at the open end of the module. By moving the gas 




In order to further identify the most vulnerable portion of the hollow fibers along 
the axis, bubbling tests were carried out by filling the housing with water and 
compressing the hollow fibers from inside out with nitrogen. As shown in 
Figure 7.5 (b), at the spot of leakage, continuous bubbling was observed.  
 
2.4.2. Repair of hollow fiber modules 
 
Figure 7.6 Repair of hollow fiber modules by (a) injection of epoxy and (b) 
insertion of epoxy coated fillers 
 
The broken fibers were subsequently repaired after identification. Epoxy was 
partially solidified before injection to prevent the epoxy from flowing out. As 
shown in Figure 7.6 (a), a syringe pump was used to push the viscous epoxy 
through a small nozzle into the fibers. Another method to plug the broken fibers 
is by insertion of a filler, as shown in Figure 7.6 (b). The epoxy-coated filler 
had to be inserted at least 3 cm into the broken hollow fiber to prevent leakages 
and provide adequate mechanical supports against the pressure difference 
across the tubesheet. The epoxy was then fully solidified before tests. During 
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repair, it was important to apply the epoxy only to the leakage area without 
plugging other fibers in order to minimize the loss of effective areas. 
 
7.3. Results and discussion 
7.3.1. Structured and random packing of hollow fibers 
At a packing density of 30% with 180 pieces of hollow fibers, the hollow fibers 
cannot disperse uniformly in the housing if they are randomly collected into a 
bundle. As shown in Figure 7.7 9 (a), the hollow fibers are densely packed in 
the central and right areas. However, there is a gap between the bundle and the 
housing on the left side, which will cause channeling and bypassing in the shell. 
Bypassing will reduce the flow going into the bundle, worsen the concentration 
polarization and compromise the PRO performance [17-20]. These issues can 
be overcome by arranging the fibers in an orderly structure as presented in 
Figure 7.7 9 (b). The diameter of the bundle can be controlled by changing the 
spacing between the hollow fibers [12, 13] to fill up the housing and therefore 
minimize bypassing. Another way to improve the uniformity of packing is to 
increase the packing density of the hollow fiber bundle [11, 21]. At an increased 
packing density of 50% with 300 pieces of hollow fibers, hollow fibers will 
effectively fill up the housing and leave a little room for fibers to move around. 
Though some area may have a denser packing and some area may have a looser 
packing, the total uniformity of the bundle is significantly improved when 
comparing Figure 7.7 (c) to Figure 7.7 (a). However, a higher packing density 
may introduce more dead zones in the shell that may enhance concentration 
polarization and also make the module more prone to fouling [6, 22]. The 
optimal packing density of the TFC-PES hollow fiber modules for PRO will be 
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investigated under different flow and fouling conditions in the future [23-25]. 
In this study, hollow fiber modules with 30% structured packing and 50% 
random packing were chosen for further investigations  
 
Figure 7.7 Cross sections of (a) a tubesheet of 30% random packing, (b) a 
tubesheet of 30% structured packing and (c) a tubesheet of 50% random 
packing 
 
7.3.2. Effects of MPD and TMC circulation durations on interfacial 
polymerization 
 
Table 7.1 Pure water permeability (A) and salt permeability (B) at different 
MPD solution circulation times 
 
To maximize the module performance, the effects of MPD and TMC circulation 
durations during interfacial polymerization on the permeability properties of the 
polyamide layer were studied. The MPD solution was circulated through the 
module lumen for 3 min, 5 min or 7 min while the circulation time of the TMC 
solution was maintained at 5 min. Table 7.1 summarizes the A and B values of 
the resultant modules from each experimental condition. Both A and B values 
decrease with an increase in MPD circulation duration because MPD may 
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penetrate deeper into the substrate at a longer circulation time, possibly leading 
to a thicker polyamide layer [26, 27].  
 
Figure 7.8 Modelled PRO performance at different circulation times of the 
MPD solution 
 
To determine the optimal circulation time, the A and B values were input into a 
PRO model developed in our previous studies [2, 28]. The simulated PRO water 
flux and reverse salt flux as a function of pressure are plotted in Figure 7.8. At 
3 min, even though the A value is higher, the water flux is the lowest because 
of the significantly higher reverse salt flux and the resulting enhanced 
concentration polarization [29-32]. When the MPD circulation time increases 
from 3 min to 5 min, the water flux is increased by 4.2% despite of a 4% 
decrease in the A value. This flux enhancement results from a 39.2% decrease 
in reverse salt flux and less concentration polarization in the PES substrates. A 
further increase in the MPD circulation time to 7 min only results in slight drops 
in both water flux and reverse salt flux. Therefore, the optimal duration to 
circulate the MPD solution is 5 min, which yields the highesst water flux and a 




Table 7.2 Pure water permeability (A) and salt permeability (B) at different 
TMC solution circulation times 
 
 
Figure 7.9 Modelled PRO performance at different circulation times of the 
TMC solution  
 
Similarly, the optimal circulation time of the TMC solution is determined by 
maintaining the MPD circulation time at 5 min. Table 7.2 tabulates the A and B 
values, while Figure 7.9 shows the calculated water flux and reverse salt flux as 
a function of pressure. They do not vary much when the TMC circulation time 
increases from 5 to 9 min. This is because after 5 min, the polyamide layer is 
thick enough to prevent contact of the reactants and stops the polyamide layer 




7.3.3. PRO performance of hollow fiber modules 
Three types of modules with packing densities of 2%, 30% and 50% were 
prepared. They contain 3, 180 and 300 pieces of hollow fibers, respectively. 
Figure 7.10 displays the evolution of their water fluxes, power densities and 
reverse salt fluxes as a function of pressure from 0 bar to 20 bar. In all three 
cases, the water flux drops at higher pressures as the driving force, defined as 
the difference between the osmotic pressure difference and hydraulic pressure 
difference, diminishes. The power densities increase continuously with 
increasing pressure and peak at 20 bar. Theoretically, the maximal power 
density can be achieved at one-half of the osmotic pressure difference, which is 
24 bar when the feed pair of 1M NaCl solution and DI water is used. 
 
The 2% packing density mini-module containing 3 hollow fibers yields the 
highest water flux of 66.5 LMH at 0 bar and 43.4 LMH at 20 bar. In contrast, 
the water flux is reduced by 13.5% on average when the packing density is 
increased to 30%, and it further drops by another 4.5% when the packing density 
is increased to 50%. As a consequence, the peak power density at 20 bar drops 
to 20.0 W/m2 and 19.4 W/m2 at 30% and 50% packing, respectively. The 
reasons of reductions in water flux and power density are threefold, less 
effective interfacial polymerization for more hollow fibers, less efficient mass 
transfer on the shell side at increased packing density, and loss of membrane 
area due to epoxy wicking. 
 
First, it is much more challenging to ensure uniform flow distribution of the 
MPD and TMC solutions during interfacial polymerization in large modules 
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than small modules [34]. This lead to variations in the formation of polyamide 
selective layers. This phenomenon is also indicated by the significant higher 
reverse salt flux at higher packing densities as shown in Figure 7.10 (b). The 
reverse salt flux increases with pressure and becomes more than doubled when 
the packing density is increased to 30% and 50%.  
 
 
Figure 7.10 (a) water flux and power density and (b) reverse salt flux of 




Moreover, the mass transport on the shell side becomes less effective at higher 
packing densities [17-19]. As a result, the salt accumulated in the substrates 
cannot be effectively washed out, causing severer concentration polarization. 
The combined effects of the increased reverse salt flux and the less effective 
mass transfer on the shell side cause the reductions of water flux and power 
density at higher packing densities.  
 
Figure 7.11 (a) the apparent effective length (used in calculations), (b) true 
effective length and (c) module length  
 
Autopsy of the hollow fiber modules shows that wicking of epoxy reduces the 
effective membrane areas. After injecting epoxy into the potting mold, the 
epoxy will climb up to 8 mm on each end of the hollow fiber bundle due to the 
capillary actions. To measure the true effective length of the module, we 
dissembled the module and took out the hollow fiber bundle. The bundle was 
then cut off by 1mm slices until the space between hollow fibers was no more 
filled with epoxy. The true effective length of the module is 140 ± 3 mm, 9.7% 
shorted than the apparent length of 155 mm used in the calculations of water 
flux and power density. The loss of effective membrane area is presented in 
Figure 7.11, contributing to reductions in water flux and power density in the 
semi-pilot-scale hollow fiber modules as shown in Figure 7.10 (a). Therefore, 
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the water fluxes and power densities of the 30% and 50% packing modules can 
be improved by 9.7% if wicking of epoxy is eliminated. It is worth noting that 
wicking of epoxy can be less restrictive if the modules are enlarged to 
commercial scales, as the percentage loss of membrane areas becomes 
negligible. 
 
7.3.4. Distribution of broken hollow fibers  
 
Figure 7.12 The radial distribution of broken hollow fibers in the module 
 
Some hollow fibers may be damaged during handling and testing of the modules. 
Methods in Figure 7.5 (a) and (b) were employed to find out which hollow fiber 
was broken and which portion along the hollow fiber was broken, respectively. 
Figure 7.12 shows the radial distribution of broken membranes in the hollow 
fiber bundle. The x-axis is the relative location of the bundle with 0% being the 
center and 100% being the outermost edge of the bundle. 90% of the broken 
fibers are on the outer region of the hollow fiber bundles. The broken 
membranes are probably caused by damages during handling and the damaged 
areas become the weak points of the membranes. They may burst under high 




The axial distribution of the broken spots is shown in Figure 7.13. Most of the 
modules are broken in the middle areas. This may arise from the fact that the 
hollow fiber bundle is axially compressed and radially expanded during 
insertion into the housing. It not only forms an expanded belly region in the 
middle of the bundle but also being pushed against the housing, thus it gets 
damaged due to abrasion. This also explains why most broken fibers are on the 
outermost region of the bundle.  
 
Figure 7.13 The axial distribution of leakages in the module 
 
This problem is solved by wrapping the bundle with protective net during 
insertion into the housing. The net needs to be porous and flexible to prevent 
introducing addition resistance to the flow or hurt the hollow fiber membranes. 
Figure 7.14 (a) and (b) show the modules with and without the protective net, 
respectively. This method can prevent the bundle from expanding and protect 
the fibers from abrasion. In addition to the 70% damage in the middle portion 
of the hollow fiber bundle, a total of 30% damages are observed on the two ends 
of the bundle. Because the two ends contact with the tubesheets are partially 
coated with epoxy due to epoxy wicking, this portion of the fibers becomes 
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brittle and fragile. They can be easily damaged by the impact force of water and 
fluctuating pressure and flowrate.  
 
Figure 7.14 hollow fiber modules (a) without and (b) with the protective net 
 
7.3.5. Modules repaired by epoxy-coated fillers and injection of epoxy 
The damaged hollow fiber modules were then repaired by using epoxy-coated 
fillers and injection of epoxy. Figure 7.15 (a) and (b) show the comparisons of 
their PRO performances with undamaged ones. Modules repaired with fillers 
have a peak power density of 18.4 W/m2, 9% lower than 20.0 W/m2 of the 
undamaged modules, while those repaired with injection of epoxy only have a 
peak power density of 14.0 W/m2 at 15 bar. In summary, modules repaired with 
fillers have a 12.3% higher power density and a 55.6% lower reverse salt flux 
than those repaired with epoxy injection. This indicates that the injection of 
epoxy still leaves some small unsealed defects on the membranes. Moreover, 
the mechanical strength of the modules repaired with epoxy injection is weaker 
and can only sustain a pressure of 15 bar. Clearly, injection of epoxy is less 
effective because the injected epoxy may flow out from the fibers through the 
small broken area and contact other fiber. The fibers contacted with epoxy will 
become brittle and break under vibration and impact. Therefore, insertion of the 
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epoxy-coated fillers is the more effective method. This repair method is also 
less tedious because it required to identify the broken hollow fibers from only 
one end of the modules instead of both ends. The fillers need to have good 
adhesion with epoxy and a slightly bigger dimension than the inner diameter of 
the hollow fibers to ensure an effective sealing. 
          
 
Figure 7.15 (a) water flux and power density and (b) reverse salt flux of 30% 
packing hollow fiber modules (undamaged and damaged but being repaired 
by epoxy or fillers) 
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7.4. Conclusions  
For the first time, the protocol to fabricate semi-pilot-scale hollow fiber modules, 
conduct interfacial polymerization, identify and repair leakages is developed. 
TFC-PES hollow fiber modules with 30% structured packing and 50% random 
packing are successfully prepared. When the packing of hollow fibers is loose, 
it is important to arrange the hollow fibers in an orderly structure to achieve 
uniform distribution of hollow fibers. The optimal packing density of the TFC-
PES hollow fiber modules will be determined by different flow, fouling 
conditions and economic factors. The respective peak power densities of a 30% 
packing module and a 50% packing modules at 20 bar using 1M NaCl solution 
and DI water as feed pair are 20.0 W/m2 and 19.4 W/m2, respectively. Even 
though they are lower than the value of 24.1 W/m2 when only three coupons of 
hollow fiber membranes are tested, the power densities achieved are the highest 
among scalable PRO modules under the same testing condition. Broken hollow 
fiber membranes can be effectively plugged with epoxy-coated filler to restore 
the PRO performance. The performance of the PRO modules can be improved 
by further optimizing the interfacial polymerization conditions, promote mixing 
on the shell side and prevent wicking of epoxy onto the hollow fiber membranes. 
Other engineering issues, such as enhancement of the mechanical strength and 
durability of the modules, need to be addressed before making of commercial 
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Chapter 8: Recommendation and future works 
Based on the experimental results and conclusions obtained from current 
research, the following recommendations may provide further insight for future 
work related to the development of membrane materials with high separation 
properties and the fabrication of high performance membranes for engineered 
osmosis processes. 
 
8.1. SWRO-PRO life cycle assessment 
Based on our previous studies in Chapter 5 and 6, integration of PRO with 
SWRO can achieve 40% energy saving for a 25% recovery SWRO plant and 
45% energy saving for a 50% recovery SWRO plant. This integration can 
potentially double the operating profit of desalination. However, incorporation 
of PRO to existing SWRO systems requires additional equipment, piping and 
instrument, and membrane. A full life cycle assessment, including capital 
expenditure (Capex) and operating expenditure (Opex), is imperative to 
investigate the economic feasibility of SWRO-PRO. 
 
8.2. Antifouling Strategy 
A big hurdle to commercialize the PRO technology is the fouling upon and 
within the porous membrane substrate, especially when the NEWater reject is 
used as the feed solution. Fouling will not only reduce the power density of the 
membrane but also incur additional costs associated with cleaning chemicals 
and equipment. More than 75% drops in water flux and power density are 
observed when the feed solution is changed from deionized water to the 
NEWater reject. This is because the porous structure of the substrate is plugged 
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by the foulants from the NEWater reject. Ultrafiltration and nanofiltration are 
used to pretreat the NEWater reject, but only marginal improvements are seen. 
The team discovers that the inorganic fouling of hydroxyapatite Ca5(PO4)3(OH) 
is the main reason for the power density reduction. By reducing the pH of the 
NEWater reject to 5.5, the formation of hydroxyapatite is prohibited and only 
2.3% reduction in power density is observed after 200 minutes of operation. 
Ethylenediaminetetraacetic acid (EDTA) is also used to further mitigate the 
hydroxyapatite and silica fouling. In addition to the pretreatments of the 
NEWater reject, molecularly designed anti-fouling hollow fiber membranes 
have been prepared by grafting a layer of hyper-branched polyglycerol (HPG) 
or zwitterionic copolymer on the porous substrates. The anti-fouling membranes 
only have a reduction of ~30% in power density as compared to the 60%-70% 
reduction of the unmodified membranes. Moreover, fouling is more reversible 
on the anti-fouling membranes, which show 98% water flux recovery after 
cleaning.  
 
However, UF and NF pretreatments can only marginally mitigate fouling and 
recovery the power density of the PRO membrane. High dosage of acid for HP 
adjustment and anticipant renders this approach uneconomic and unpractical. 
Development of anti-fouling membrane involves complicated synthesis and 
modification of the TFC-PES membrane. More effects should be focuses the 
development a practical and effective combined strategy of pretreatment, 
chemical dosage and membrane modifications to reduce scaling and fouling on 
the PRO membrane. Eventually a long term test and a full life cycle assessment 
are necessary to determine the best anti-fouling strategy. 
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8.3. SWRO-PRO pilot testing 
The PRO pilot system, as presented in Figure 8.1, was built and commissioned 
in March 2016. This pilot plant was designed for 100W power 
generation/recovery. 60 1-inch modules in 6 groups of 10 modules with a total 
membrane area of ~5.6 m2 are required to reach a total power density of 100W. 
A SWRO unit was incorporated in the system to generate the concentrated 
seawater brine for PRO. The pressurized brine is subsequently diluted in the 
PRO unit and drive the PX to pressurize the seawater feed to SWRO, in order 
to reduce the energy consumption of SWRO.  
 
Figure 8.1 SWRO-PRO integrated pilot system in NUS 
 
With the SWRO-PRO pilot system, the following aspects are to be investigated.  
(1) Long term performance and stability of the PRO membrane/modules; 
(2) The effects of feed solution recovery and draw solution dilution; 
(3) The optimal operating conditions to minimize the energy consumption； 
(4) The antifouling and cleaning strategy to maintain constant performance. 
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